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PREFACE 



THE heterogeneoiisness of this book is due to its being 
intended for several different though related classes of 
readers. It was undertaken originally for the use of my students, 
to supplement the instruction given by lectures and by other books. 
This it aimed to do by elaborating certain important matters 
which are not treated at sufficient length if at all in other text 
books, and are not well suited to lecture-room exposition. Of these 
students there are at least three distinct classes : those who are to 
study metallurg}' very superficially, the students in chemistry and 
civil, electrical, and mechanical engineering ; those who are to study 
it more thoroughly, the students in metallurg\' and mining en- 
gineering ; and those whose work is to go still farther, the advanced 
students. 

But the very fact of writing a book fitted for these classes 
was an opportunity to go a little farther and meet the needs of 
practitioners, by giving them a systematic account of the condi- 
tion of the metallography of iron to-day, and more particularly 
to expose to them the present or solution theory of that metallog- 
raphy. This seemed very important, both because this theory for 
the first time permits us to take a comprehensive and consistent 
view of the whole subject, and because for the majority of English- 
speaking practitioners an account is needed at once more ele- 
mentary and fuller than any which is now accessible to them. 

These different classes of readers bring to the subject very 
different kinds of preparation ; and it is this difference in prepara- 
tion which has led me to vary the treatment, so as to fit each part 
to the supposed needs of the particular class, or more often classes, 
of readers to which it seemed likely to be useful. 

My warmest thanks are due to the friends who have aided 
me with their counsel and knowledge. In particular let me thank 
most sincerely Professor Margaret E. Maltby for examining the 
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first seven chapters and the tenth, those relating to the genesis of 
alloys in general and to the phase rule ; Mr. Frank Firmstone for 
examining the chapter on the blast-furnace; and Dr. William 
Campbell, non-resident lecturer on metallurgy, for much invaluable 
information, for many of the micrographs, and indeed for the 
original suggestion to write the book; though as to the last my 
gratitude is somewhat mingled with reproach. 

To the fellow officers of my department I am indebted for 
much valuable aid, particularly to Messrs. Bradley Stoughton, 
instructor in metallurgy, and I. C. Bull, assistant. 

To nobody am I more indebted than to my assistant, Mr. 
R. W. Page, for his painstaking and intelligent aid in preparing 
the work and in passing it through the press. 

The reader should have tolerantly in mind the difficulty of 
preparing a work to-day dealing with the metallography of iron, 
with our knowledge at once so fragmentary and so rapidly grow- 
ing. To keep the work fully up to every latest development of 
this knowledge would mean publishing it on the Greek kalends. 

H. M. H. 

Columbia University 

IN THE City of New York 

June 3, 1903 
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I. Introduction. — Beside the general interest which we 
have ill understanding the constitution of alloys, as giving us an 
intelligent view of the matter in general, we have the special 
reason that a knowledge of the subject promises to be of the 
greatest practical value in approaching the study of any given 
series of alioys, for instance to one seeking to learn what are the 
most valuable alloys of two given metals. The case reminds 
us of the calculus. If we have the formula of a given curve 
before MS we can by means of the calculus discover where a!l 
the critical points of that curve will lie without going to the 
trouble of plotting it throughout. Somewhat so is it with the ex- 
amination of the constitution of a series of alloys, say those 
of bismuth with tin, or antimony with copper. The constitution 
of such a series may be expected to vary from one end of the series 
to the other ; but in passing thus from end to end of the series there 
may be important critical points, at which not only the constitution 
changes but the nature of that change itself changes abruptly. 
Such points may be called critical points for constitution. And, 
just as the calculus reveals to us the critical points of a curve of 
known formula, so it happens that these critical points for con- 
stitution may often he laid bare by means of a few easy experi- 
ments. 

Now the importance of this lies in the fact that the critical 
points for constitution may be expected to be also critical points 
for the useful properties. If we seek ductility, we may expect 
lo find a critical point for ductility in that part of the series 
where lies a critical point for constitution: there we may expect 
to find either a maximum or a minimum of ductility ; and so with 
many other useful properties. 
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Tims it is that the methods which promise to reveal to us 
with relative ease tlie probable constitution of a series of alloys 
of any two metals, of learning where its critical points lie, and 
indeed whether it has any critical points, thereby promise to teach 
us where in that series we shall probably find those alloys the 
properties of which will differ markedly for better or for worse 
from those of the component metals; and indeed, whether or 
not we are likely to find any alloys in the series which do 
differ markedly in their physical properties from the component 
metals. The knowledge of the constitution of a series of alloys 
in short gives us a method of superior analysis of the problem of 
where to find in that series the most valuable alloys. These indi- 
cations, of course, are not conclusive; indeed we have still far 
more to learn of their meaning than we yet know ; but already they 
are of great value as in pointing out the part of the field most 
likely to be fruitful. 

2. Possible Components of Alloys. — In inorganic mat- 
, ter we have three important classes of substances : 

( 1 ) pure elements, 

(2) definite chemical compounds of those elements, and 

(3) solutions. 

In the same way we recognize in our alloys three classes of 
ultimate constituents : 
(i) pure metals. 

(2) definite chemical compounds of those metals with each 
other, such as AuAlj, antimonide of copper (C«aSba?), and an- 
timonide of tin (SnSb), and also to a smaller certain extent 
definite chemical compounds of metals with the relatively small 
quantities of certain metalloids, such as carbon and sulphur. 
present in some alloys. In this latter class of compounds the most 
important is the carbide FcjC found in steel, and commonly called 
*' cementite." 

(3) what are now called solid solutions of metals in each 
other, a term the meaning of which will he explained in § 5. p. 9. 
Suffice it for the present that we have in our alloys these three 
classes, corresponding to the three great classes into which in- 
organic matter in general is divisible. 

Any given piece of an alloy may at the same time contain 
substances of each of the three classes. 

Here as in so many other respects the alloys remind us of the 
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crystalline rocks, which they resemble in the g:eneral conditions of 
their formation. Crystalline rocks have cooled either like most ■ 
of our alloys from a state of fusion, or at least from a temperature \ 
so high that the atoms present in the rock-mass have been free | 
to arrange themselves, to combint' to form definite compounds, 
and these compounds have been free to obey their crystalline laws. 
Under the microscope we find that our rocks consist of three ( 
classes of substances: 




(1) pure metals, such as native copper, native gold, etc., 

(2) definite chemical compounds, like feldspar, mica, quartz, 
hornblende, and 

(3) glass-like obsidians, in which the chemical elements are 
united, not in any definite ratio, but indeterminately. 

Just as the particles of these diffennit substances, the feld- 
spar and other minerals, often exist in such minute particles that 
they can be detected only under the microscope, so in most cases 
the components of our alloys are visible only under the micro- 
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scope, and often only with very great magnification, wliich may 
sometimes liavc to reach a thousand diameters. Fig. i gives us 
an idea of a common type of stracturc among our alloys, and 
it will be seen that it is strikingly like that of the crystalline 
rocks shown in Fig. 2. 




(Khyolile from Hot Spring Hills, Pah-Ule Kange.) 

"U. S. Geological Exploration of the Fortieth rarallel, VI, 

Microscopical I'elrography," Plale VHI. Fig. i. 



The resemblance between alloys and crystalline rocks docs 
not stop here. Indeed we find close analogies between our 
metals on one hand and our crystalline rocks on the other, both of 
which result from the gradual solidification of fused or semi- 
fused masses; and also between both of these classes of solids 
and those which, like ice, result from the solidification of aqueous 
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solutions instead of fused masses. Lei us notice some of these 
points of resemblance. 

3. Resemblance of Metals to Rock-masses. — First the 
columnar structure familiar to us in the Palisades of the Hudson, 
the Giant's Causeway, and like rock-masses, forming enormous 
columns, we find repro<hiced both in metals and in ice. The 




^ 



n Steel Ingoi, ' 

blowholes: 
from the Author's Collection. 

, . ff. deep-seated 

blowholes; 
C. pipe. 

columns of the Palisades were formed during the slow cooling 
of the roclc-mass which they form; and they stand upright, i.e.. 
with their length at right angles with their upper surface, which 
was the cooling surface, the surface through which the heat 
escaped from them while they were cooling down and changing 
from a molten glass or obsidian to a solid rock. We find in 
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■|k>%k-1>- cooied metals this same columnar structure, with the 
columns standing at right angles with the coohng surface, i. c. 
with the outer surface, as is shown in Fig. 3; and in large blocks 
of ice, especially in the ingots of artificial ice which we see about 
the streets, we can often trace this columnar structure, with the 
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Fig. 6. }>chUtoail]r lleveloped in Low-carbon .Sleel bj Kendiitg. 

StE«l Cotilaining^ Carbon o.ojs ; Manganese 0.025. 

Made by J. A. Mathews. Ph.D., in [be Aulhor's Laboratory. 



columns at right angles with the cooling surface, i. e., with the 
sides of the ice-ingot. 

Next we find in solidified ingots of steel a contraction-cavity 
called a " pipe " at the upper end of the axis of the ingot ( Fig. 4) ; 
aiid you will generally see a similar pear-shaped cavity in the 
upper end of the ingots of artificial ice about the streets. 
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Next the beautiful specimens of minerals which adorn our 
mineralogical cabinets g;eneral]y form in the cavities or " vugs " 
as they are called in the rocks; beautiful crystals of iron at times 
occur also in the cavities in our steel ingots (Fig. 5) : and in the 
same way we will often find most beautiful minute crystals of ice 
in the pear-shaped pipe of our common ingots of artificial ice. 

Again, just as the crumpling of the rocks of the earth's crust 
produces what is known as a schistose structure, so we find such a 
structure { Fig. 6) in masses of iron when they have been crumpled 
in like manner. 

Finally, gases evolved during solidification cause gas-bubbles 
or " blowholes " in ingots of ice and of steel, and also in glass 
(A and B, Fig. 4}. These blowholes form at a time when the 
mass is still fluid enough to be pushed aside by the particles 
of gas evolved within it, so that these come together to form 
gas-bubbles ; yet not fluid enough to permit these bubbles to rise 
by gravity to the upper surface and thus escape. So these bub- 
bles remain entangled in the viscous mass. 

4. Chemical Compounds Among Metals. — While the 
condition of the particles of pure metals which we find in our 
alloys calls for no special comment here, that of the chemical com- 
pounds and of the solid solutions requires a word. 

The chemical compounds of one metal with another do not in 
general follow the law of valence, so that they are of the type 
known as " molecular." The law of valence retains its importance, 
but we must recognize that it is not a imiversa! one. We may, how- 
ever, make the important generalization that obedience to the 
law of valence is typical of a great number of our strong chem- 
ical compounds, those in which the atoms are powerfully united, 
yielding a compound which differs greatly in its properties from' 
those of its components. And it is in accordance with this 
general idea that even the definite chemical compounds of one 
metal with another, as of copper with antimony, or gold with 
aluminium, or tin with antimony, as they do not follow the law 
of valence, are feebly combined, and that their properties differ 
from those of their component metals in a very much less 
degree tlian is the case with the common strong chemical com- 
pounds with which we are familiar in inorganic chemistry. The 
properties of water are wholly different from those of hydrogen 
and oxygen ; the properties of common salt give no suggestion oii 
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e oi either chlorine or sodtum. Naturally we find no such 
trilting difference hetween the properties of a definite compound 
I aluminium with gold on one hand, and the properties of alu- 
n and of gold respectively on the oliier. 
5. Solid Solutions. — What do we mean by this lenn? We 
e the word solution here to distinguish these substances from 
did definite chemical compounds. We mean by solid solutions 
c solids which are to definite solid chemical compounds, like 
Wt what liquid solutions, like salt water, are to liquid definite 
fcemical compounds, like pure water itself. We mean solids 
■which have the essential characteristics of solutions so far as 
Mlidily itself permits. 

To understand this let us ask what are the essential prop- 
erties which distinguish our common liquid solutions from defi- 
nite chemical compounds. In a definite chemical compound we 
have two essential features, { 1 ) complete and absolute merging 
01 the components into a new and different substance, chlorine 
and sodium losing their identity absolutely and forming a wholly 
rfiHerent substance, common salt ; and (2) a mathematically fixed 
ratio between the two components. In the case of solution. 
'^h\k this fixed-ratio feature is lacking, we have this same com- 
plete merging of the two substances. In a solution of water 
snd alcohol we can neither by the microscope nor by any other 
means detect either the water or the alcohol ; they unite to form a 
"ew substance: neither gravity nor centrifugal force separates 
'hem: the light alcohol does not rise to the surface, nor does the 
"favier water sink. This complete merging of their components 
and the absence of fixed ratio between those components, then, 
o essential characteristics* of our cranmon liquid solu- 



As the chemical forces which hold the dissolved bodies 
[ether in the new substance, the solution, are relative!}' feeble, 
■iirally tlie properties of the solution do not differ markedly from 
■ mean of the properties of the two Ixxlies dissolved in each 

Turning to the solid state we find in our glasses a similar 

of affairs, except that the glasses are solid while common 

[•oiions are liquid. The silica, lime and alkali of the glass arc 

•olutely merged: neither the microscope nor any other means 

Ales us to detect either silica or lime or alkali as a separate en- 
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tity in the glass, so long as it remains a glass. Only when ■ 
destroy it, tearing it asunder by analysis, can we detect any of 
components. We have then in the glass a chemical merging 
the components : but it is in indefinite ratios. The percenta 
of silica or of lime can vary by infinitesimal gradations fn 
specimen to specimen, and this variation is accompanied by c< 
responding progressive change in the physical properties. T 
change from specimen to specimen, then, both in composition a 
in properties, is per gradum; whereas the changes from o 
definite chemical compound to another, from water to hydrog 
peroxide for instance, are per saltum. The glasses then ha 
these two essentials of solutions, the substances present t 
(i) completely merged, but (2) in indefinite proportions. 

In the same way many of our metals, as it were, dissolve 
each other, and we find them in the solidified state completi 
merged in each other, forming alloys which differ from specim 
to specimen by infinitesimal gradations, and )'et the compont 
metals cannot be distinguished in the alloy by the microscope or 
any other means. The separate individual existence of each 1" 
ceased. Here then we have the essential characteristics o£ sol 
tions, I'iz., (i) complete merging of the components (2) 
indeterminate proportions; and on this account we give to thi 
substances the name " solid solutions." 

And just as the properties of the liquid solution, its coli 
density, electric conductivity, elc, do not differ markedly fn 
those of the mean of its components, so we find that the physi 
properties in general of those alloys which are solid solutions 
not differ markedly from the mean of the properties of the metj 
which compose them.* 

•The author has found this conception of solid solutions SO ht 
for many students to grasp that, for their sake and at the risk of see 
ing to most readers needlessly explicit, some further discussion, 1 
upon line, seems desirable. When chlorine and sodium unite to form si 
the two elements lose their identity completely, they are complet 
merged. A wholly new substance arises, salt, having little resemblai 
to either of its components. They have become one; they cannot be si 
arated or distinguished from each other so long as they are unit 
Neither the microscope nor gravity nor centrifugal force nor any otl 
purely mechanical force separates ihem or enables us to distinguish ( 
frotn the other. It is this complete sinking of their individual identi 
this birth of a new subsiance, in which neither of the component si 
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b. IsoMORPHOUS Mixtures and Mixed Crystals, — Solid 
faolutions are called by some " isomorphous mixtures" and by 
some "mixed crystals," The term "isomorphous mixtures" 
would naturally be su^ested by the fact that the familiar cases 
of Iwo definite inorganic compounds which crj-stallize together to 
form homogeneous crystals, the molecules of each substance prac- 
lically entering into and completely identifying themselves with 
the molecules of the other, are cases in which the two substances 
. are isomorphous, j. e., when by themselves they yield crystals of 
I die same form. i. e., " isomorphous " crystals. This property 
then of two different substances of merging (heir existence com- 
pletely in single crystals, is one which we associate with iso- 
morphous bodies, and this association easily leads to applying 
the word " isomorphous " to all cases of such identification and 
merging. But reflection shows us that the similarity of crys- 
•^ine form, even were it not only a constant concomitant but 



>^cei is distinguishable by any means whatever so long as this new 
'nbiijnce remains undecomposed — it is this that we here call merging. 

If wc grind silica .and magnetic iron oxide to the most impalpable 
Ptwdfr and mix them with most extreme thoroughness, they stil! remain 
•wo distinct bodies, silica and iron oxide, merely intimately mixed me- 
ehanicaiiy. We can again separate Ihem by appropriate mechanical means. 
Under a sufficiently powerful microscope we can still see the white par- 
■"^'m of silica and the black ones of iron oxide. If wc immerse them in 
' liquid heavier than the silica but lighter than the iron oxide, we separate 
than by gravity, the silica gradually rising to the lop. while the iron 
•Wide sinks lo the bottom. Or we can separate them by means of a 
"WgneL 

fiat let us melt them together, and they unite and merge, they become 
""*' and neither can now be distinguished by any t 
"Wchanically from the other, so long as this merging 

Suppose that we have a room cooled to — 40° C, ; 
"P ice and crystals of hydrated cupric sulphate (blot 
Pound up our silica and iron oxide ; to simplify ou 
*' 'his temperature the cupric sulphate and ice do noi 
'"" femain separate quite as the silica and iron ox 
"^ mix them in a bottle with extreme thoroughm 
""ute simply an intimate mechanical mixture; they 

Mlficimt magnification we can see under the microscope the transparent 
*W particles of ice and ihe blue ones of cupric sulphate. By carefully 
IpJHnj [he botile we can induce the heavy crystals of cupric sulphate 
to work their way down to the bottom of the bottle, leaving the lighter 
I^licles of ice above. Now let us heat the whole over the lamp, and 
'^""1 the ice melts and dissolves the cupric sulphate. Mow in this solution 



separated 

that in this we grind 
vitrol) quite as we 
r* ideas suppose that 
: react on each other 
ide do, and that we 
;es. They still con- 
merged ; 




J 
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a necessary condition of this merging, is clearly not its essence. 
We see no conclusive reason why two metals of different crystal- 
line forms should not completely merge. Their union could not 
properly be called isomorphous, but it would properly be called 
a solid solution. 

The chief reason, however, for preferring this latter term 
is that it is based, not on what could at most be a concomitant or 
necessary condition, but on the essential properties of this class of 
substances, the fact that they have all the prominent essential 
properties of aqueous solutions save their fluidity. 

As to the expression " mixed crystals " it seems most unfor- 
tunate, because it is so liable to mislead, for it certainly would 
suggest to many a mechanical mixture. For instance, silver and 
gold dissolve in each other in all proportions, and the crystals 
of the two metals thus merged are spoken of by some as mixed 
crj-stals of silver and gold. This certainly will suggest to many 
that the mass is a conglomerate, a mechanical mixture of particles 

we have no longer a mechanical mixture hut absolute merging, merging 
as complete and as little broken up by mechanical means, as little capable 
of being resolved by the microscope, as the merging of our chlorine and 
sodium in sail or of our silica and iron oxide in our iron sihcale. 

Of course, we can by appropriate chemical means break this solution 
up; we can insert a sheet of metallic iron and precipitate the copper on 
it; we can break the solution up chemically; but so long as it remains a 
solution, the water and the cupric sulphate lack their independent existence 
as two separate entities mechanically mixed, and now form one entity 
different from either of its components. We may dispute as to the nature 
of this new entity,' as to the nature of solutions; we may regard them 
as composed of ions or whatever we please; but that the solution is one 
whole, that in it the water and the cupric sulphate have merged their 
separate existence and have coalesced to form some kind of a new thing, 
and some one new thing, cannot be doubted. Let us leave out of sight com- 
pletely our conceptions of the nature of solutions, and for the present 
satisfy ourselves with this idea of (i) the complete merging of the separate 
existence of the two components, the water and the cupric sulphate, in this 
new thing, the solution, (2) in indefinite ratios. 

When we find that the constituents of a solid, such as the silica, lime 
and alkali of a glass, or the gold and silver of a silver-gold alloy, have thus 
completely merged and sunk their separate individual existence In this one 
new body, the glass or the alloy; and when we find that the composition 
of this solid is not in definite chemical ratio but differs by infinitesinHl 
gradations from specimen to specimen, we say that it has the essetitial 
characteristics of a solution iO far as those characteristics are compatible 
with solidity itself; and we call the mass a sohd solution. 
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of pure gold and particles of pure silver, which is exactly the 
opposite of the truth. Indeed, whether we speak of isoniorphous 
" mixtures " or of " mixed " crystals, the idea of mixture leads 
the mind rather away from than towards the conception of raerg-' 
ing, which is the essence of the matter ; while " solution " in it- 
self suggests merging. 

7, Solid Solutions may be Heterogeneous, — Liquid 
solutions, as we know, are habituallv homogeneous, because in 
the liquid state diffusion takes place with considerable rapidity, so 
that even if a solution is initially heterogeneous, diffusion tends 
to make it homogeneous. From the conditions under which they 
form, however, and from the slowness of diffusion in the solid 
state, we should expect solid solutions to be heterogeneous. (See 
§ 55. P- 66.) 

8. Methods of Study of the Constitution of Alloys. 
— As-the science of petrography was in an advanced stage when 
that of metallography, of the constitution and structure of metals, 
was in its infancy, we naturally ask why the methods so fully de- 
veloped for petrography have not been applied to metallography. 

We may say that the essential procedure in petrography is to 
recognize the minute or even microscopic crystalline grains in 
our rock-masses by e,\amining them with the microscope and 
with the polariscope, and by finding that they have the same 
crystalline form, and the same effect on polarized light, as the 
Jarge crystals of the same minerals with which we are already 
familiar in the form of our cabinet specimens. Having deter- 
mined accurately the crystalline form of quartz and its effect on 
polarized light by the study of large-sized cabinet crystals, we 
are able to recognize minute or even microscopic crystals of 
quartz by finding that they have the same crystalline form and 
the same action on polarized light. Manifestly, this method is 
wholly inapplicable to metallography. In the first place there 
are very few metals and alloys of which we have cabinet spec- 
imens suitable for standards with which to compare the crystal- 
line form or other properties of the microscopic crj'stals which 
we find in our alloys. 

Moreover, the metals and their alloys are opaque, so that 
the polariscope is wholly inapplicable. The discovery of the 
X-rays may have given rise to the hope that by them we could 
meet the difficulty of the opacity of our metals ; but reflection 
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shows tliat tliis hope was vain. For in most cases the particles 
of llie different components of our alloys are so excei^dingly 
minute that any individual grain of crystal would occupy but an 
insignificant fraction of the thickness even of the thinnest pos- 
sible section, so that any given X-ray. in passing through such 
a section, would pass not tlirough one individual grain or crystal 
of a given component, but through many different superposed 
crystals of all the different components which were present. 
In this way the shape of each one would be completely obscured 
and eclipsed by that of the others, and the effect of any given 
particle upon the X-rays would be masked by the effect of the 
other crystals through which that same ray would pass. There 
are indeed a few cases in which the individual cn,'stals are large 
enough to be thus outlined by the X-rays, but even in these cases 
tlie structure can be more readily detected by microscopic study 
of the surface after it has been properly prepared. Thus the 
X-ray method is without either present or prospective value. 

The chief method actually used in metallography is to corre- 
late the results of our examination (i) of the structure as re- 
vealed by the microscope, (2I of the physical properties of in- 
dividual alloys, and (3) of the physical properties of series of 
alloys taken as a whole. The meaning of this third method I 
will make clear later. We will now take up these three methods 
of research consecutively. 

9. Microscopic Examination.* — Many of our alloys, 
as has been already pointed out, have a granitic or porphyritic 



• A. Sauveur, " Microscopical Examination of Iron and Steel," En- 
gineering and Mining Journal, LXIV, p. 215. 

A. Sauveur, " Mechanical Uses of the Science of Metallography," 
Engineering Magazine, XVII, p. 977. 

Stead, ■' A Practical Lesson in the Preparation of Metal Sections 
tor Microscopic Examination," Proceedings South Staffordshire Institute, 
Session 1896-97. XII, p. 2. 

Stead, "Practical Metallography," The itetatlographist, III, p. 220. 
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Aciers au Carbone," Bulletin Sacieti d' Encouragement pour I'/ndustrie 
Rationale, May, 1895, See preferably the reprint in the " Contribution a 
rfitiidc des Alliages, Commission d<s Alliages." 1896-igoo, p. 277, 

F. Osmond, " La Metal lographie Consideree comme Methode d'Essai," 
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structure; that is to say, like a granite they are composed of 
distinct grains, each grain being some one distinct entity, and 
of a distinct mineral species; and the different grains are of 
two or more different species. In the case of common granite 
there are grains of three different mineral species, mica, quartz 
and feldspar, lying side by side; and any individnal grain is of 
some one of these species. 

Now, the composition of granite taken as a whole is indeter- 
nunate, in the sense that, if we take a series of different granites 
and determine their iiltimate composition, we find that the per- 
centage of silica or of lime varies by irregular gradations from 
one specimen to the next; and the percentage of these compo- 
nents might vary by infinitesimal gradations from one granite to 
the next. But. though the composition of granite is in this sense 
wholly indeterminate, and though there is thus no possible 
composition of which we may say " This is the true com- 
position of granite " ; yet each of the several minerals which 
compose the granite, the mica, quartz and feldspar, is a per- 
fectly definite chemical compound with definite physical 
properties. 

So many of our alloys are granitic or porphyritic. They 
are found by the microscope to consist of grains or crystals of 
different definite substances. Each grain is of some one of 
these substances, and these different unlike grains He side by side, 
like the mica, quartz and feldspar of a granite. The substances 
which compose these different grains in our granitic or porphy- 
ritic alloys may be (i) pure metals,* or (2) definite chemical 
compounds of two or more metals with each other in rigidly fixed 
atomic proportions, such as aluminide of gold (AuAl,), antimo- 
iride of copper (CugSh^?) and antimonide of tin (SnSb), compa- 



ItuHtution of Civil Engineers, January 17, 1899, Proceedingi, CXXXVI, 
p. 17+ 

Le Chatelier, "La. Ttchnique de la MetaUographie Micro scopique," 
" Contribution 4 I'fitude des Alliages, Commission des AUiages," 1896-1900, 
p. 421- 

' Pure metals are spoken of for simplicity, serving as a type; it is 
probable that, in most granitic alloys, the particles which may at first 
appear to be pure metals are -in fact not quite pure; but that each ap- 
parently pure metal contains, dissolved in itself, a little, and perhaps a very 
little, of each of the other metals present. 
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rable with the chemical compounds with which we are familiar in 
common inorganic chemistry; or {3) definite chemical com- 
pounds of a metal with a metalloid, such as the iron carbide (FcjC) 
called ccmcntitc, which plays a very important part in the metal- 
lography of iron and steel ; etc., etc. One aim of microscopic ex- 
amination is to ascertain whether the alloy is of this porphyritic 
type and consists of different distinct crystals of definite chemical 
composition, or whether it is of the obsidian type consisting solely 
of a solid solution ; or whether it contains both definite minerals 
and also solid solutions. The further aim is to distinguish the 
shape, size and the properties both physical and chemical of 
these various components. 

The first step in general is to polish the metallic mass so 
that a large field may be visible under high magnification. The 
second is to subject it to an attack, either chemical or mechanical, 
which will affect the different constituents in different ways. 
and thus enable us not only to distinguish one from another but 
also to determine the shape, habit and properties of eacli. Of 
these methods five deserve mention here. Of these the first three 
are chemical, the fourth mechanical, and the fifth partly chemical 
and partly mechanical. They are as follows ; 

(a) Simple attack by some solvent such as nitric acid, iodine 
or licorice, a method which we owe to Sorby.* Such a method 
may dissolve away one component more than another, or color 
one component differently from another, or it may simply eat 
away the joints between adjacent grains of crystals, and thus 
disclose their shape when they are later examined under the 
microscope. 

(b) IVeyl's Method, which has received great development 
in the hands of Charpy, is to attack by means of a solvent under 
the influence of a very gentle electric current. Charpy uses as 
the two poles (i) the alloy which is under examination and {2) at 
times platinum and at times another alloy of a composition so 
nearly similar to the first that the electro- motive force shall be 
very feeble, and therefore that the attack shall be extremely 
gentle. This gentleness is needed in all our methods. The par- 
ticles which we wish to recognize and identify are so extremely 
minute, and often so feebly held in place, that we must use the 



* Journal Iron and Steel Imtilule, 1887, I. p. 256. 
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^^H utmost gentleness, whether in dissolving or in mechanically sepa- 
^^r rating one f;^om the other, lest we remove meclianically those cora- 
■ ponents which we seek to leave untouched. 

(cj Heat-Tinting. The different constituents may be differ- 
ently colored by gently heating the polished surface, so that the 
Pmorc oxidizable ones become covered with oxide tints. This 
method has been used by Guillemin, and later by Stead,* with 
most \'aUiable results. 

(d) Relief Polishing. Beyond these we have the mechanical 
methods, of which Osmond's " relief -polishing " is very im- 
portant. By prolonged very gentle polishing, the softer constitu- 
ents of a conglomerate alloy are worn away, leaving the harder 
ones standing in relief.f 

(e) Osmond's "attack-polishing" combines the chemical 
and mechanical methods happily. He polishes the surface while 
it is exposed to a reagent which attacks or colors the different 
constituents differently, so that disintegration by the reagent and 
removal by the rubbing go hand in hand. 
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CHAPTER II. — COOLING CURVES 

lo. Physical Properties of Isdu'idual Alloys. Cool- 
ing Curves. — If we were studying the alloys of two metals, such 
as the alloys of silver with gold taken as a group, or those of lead 
with tin taken as a group, we should of course examine many of 
these alloys individually, in order to see to what degree it had 
the property toward which our study was particularly directed, 
be it hardness, tensile strength, conductivity, or whatever. But 
besides this, in order to learn the constitution of that individual 
alloy, we should in particular determine with great care its " cool- 
ing curve." L^t an example explain what a cooling curve is. 
If we place a thermometer in a flask of pure water, and place 
thai water in a freezing-mixture, and fol]o\v carefully the fall of 

* Journal Iron and Steel Inst., igoo, II, p. 137. 

t F. Osmond, " Methods Generale Pour 1' Analyse Micrographique 
des Aciers ati Carbone." Bulletin dc la SocUte d' Encouragement, May, 
1895. See preferably the reprint in the " Gintribution a I'fitude des 
AUiagvs." i8g6-tgoo, p. 377. 
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leraperalure, plotting each degree of temperature as ordinate and 
time as abscissa, we should get a curve like that in Fig. 7. 

As the temperature of the water progressively falling ap- 
proaches that of the freezing-mixture, the fall of temperature will 
be slower and slower, and the curve will progressively become 
flatter and flatter (_ABl, but it will be smooth, i.e., free from 
inflections and critical points until the temperature falls to 0° C. 
At this point the water will begin to freeze, and the temperature 
will remain stationary until the whole of the water has frozen, 
so that the curve will here become a horizontal line or jog BD. 
As soon as all the water has frozen the temperature of the result- 
ant ice will again fall toward that of the surrounding freezing- 
mixture, and this part of our cooling would give us the part DE 
of our curve. 

The reason why the jog occurs is that the freezing of a con- 
siderable mass of water occupies a considerable time, and until 
the whole has frozen the still unfrozen water or " mother-liquor " 
will still be at its freezing-point, 1. e., it will remain at constant 
temperature. To look at the same thing in another way, in the 
passage from the liquid to the solid state heat is liberated, and this 
arrests the fall of temperature, 

In the parts AB and DE of the curve there is no change, 
chemical or physical, occurring within the water or the ice; hence 
the smoothness of the curve in these parts. 

11. Definition of Motheb-Liquor and Mother-Metal. 
— At any given instant during the freezing of a liquid or molten 
mass, the part which is still liquid or molten, 1. e., the part 
which has not yet frozen, is called the " mother-liquor " in case 
of aqueous liquids, and " mother-metal " in case of mohen 
metals, 

12. Other Inflections in Cooling Curves. — Just as 
the heat evolved in the freezing of the water arrests the fall of 
temperature, so every change, chemical or physical, which occurs 
within any cooling mass (be it an aqueous solution, an alloy, or a 
rock-mass) as it passes any particular temperature or range of 
temperature, will in general cause either an evolution or an ab- 
sorption of heat, in short will be accompanied by some thermal 
action, and this will affect the progress of the cooling and thus 
will record itself automatically on the cooling curve. For in- 
stance the ideal cooling curve of a pure metal is of the same 
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general family as that of Fig. 7, because the ideal metal undergoes 
no change in cooling, except that it freezes. If, however, the 
metal in its cooling should undergo anj' other change, that change 
will be recorded in the cooling curve. 

A striking ca.se of such changes is afforded by the cooling 
curve of pure iron. This, as shown in Fig. 12, has no less than 
ten inflections. The interpretalion of these inflections is not al- 
ways easy. In addition to the jog which occurs as the iron freezes 
from the molten state, two of these inflections, that of 895° and 
that just below 766° C. appear to represent allotropic changes in 
the metal itself, and these inflections are known as .A.r, and Ar,. 
The latter of these coincides with the recovery of the magnetic 
properties : i. e., at temperatures above Ar^ iron is not magnetic, 
but on cooling past Ar, it again becomes magnetic. (See 
§§ 162. 192, pp. 193, 215.) 

13. DiSTOBTio.\s OF Cooling Curves. — The cooling curves 
given in Figs. 7 to 1 1 must be taken as types only. To bring out 
their features clearly the inflections are exa^erated, and certain 
irregularities are suppressed. Two causes of irregularity may 
here be mentioned for illustration. 

14. SuRFUsioN. — It sometimes happens that the freezing of 
a liquid or molten body, instead of beginning accurately at the 
true freezing-point of the substance, is deferred through a sort of 
molecular inertia until the temperature has fallen considerably 
below this point. This phenomenon is called surfusion. Once 
freezing sets in, however, the heat which it evolves raises the 
temperature towards, and more often quite to, the true freezing- 
point, where it remains during the remainder of the freezing. 
(Compare § 30, p. 35.) 

15. Malodserv.\tion. — The curves here given are sup- 
posed to represent the cooling of the mother-mass, the pan which 
freezes last of all, 1. c, the part which, at any given moment dur- 
ing freezing, still remains unfrozen: in case of an aqueous solu- 
tion it is the mot her- liquor, in case of a molten alloy it is the 
mother-metal. But, while ihcse curves are supposed to represent 
the mother-mass itself, yet they cannot do so accurately towards 
the end of the freezing, for the reason that we cannot then deter- 
mine the teniperalure of the mother-mass accurately. If a mer- 
cury thermometer, or any instrument as large as that, were used, 
it is clear that only part of the bulb could be in the mother-mass 
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towards the end of the freezing, when the quantity of mother- 
mass has grown very small. 

Much greater accuracy of course can be had by the use of 
thermo-electric measurement. In ihis method we determine the 
temperature of the mother-mass by placing in it a themio-junc- 
tion, which consists simply of the ends of two wires of unlike 
metals, welded or even merel_v twisted together. These wires 
extend outside of the mass, and indeed are carried to a convenient 
distance, and their further ends are twisted together and kept at 
known temperature, say that of the room. Because of the differ- 
ence between the temperature of the thermo- junction, i. e., the end 
which is in the mother-mass, and the cold junction, t. c, the other 
end at room- temperature, a current of electricity flows through 
the pair of wires ; and this current is a function of this difference 
of temperature. By measuring this current by means of a 
delicate galvanometer we determine the difference in temperature 
between the two ends, and knowing the temperature of the cold 
junction, by simple addition we get the temperature of the thermo- 
junction, As the thermo-j unction may be made of very fine wires, 
and as the current is due only to the temperature-difference 
between the final points of parting of the two wires in the thermo- 
junction and the cold junction respectively, the indications of the 
instrument clearly refer only to a very small space in the mother- 
mass under observation, and not to the whole of that mass, nor 
even to the relatively large space to which the indication of a 
mercurial thermometer must necessarily refer, a space necessarily 
at least as large as the thermometer bnlb. 

But even with this more delicate mode of measurement, 
serious causes of mal observation exist. First, while this method 
will give us the temperature of the mother-mass accurately so 
long as there is a large quantity nf this mass, yet when the freez- 
ing is nearly complete and only a small bead of mother-mass still 
remains unfrozen, the temperature of the couple will be below 
that of the mother-mass. For the temperature of the already 
frozen mass will be below that of the still unfrozen mother-mass, 
not appreciably so to be sure at its very contact with the mother- 
mass, but decidedly so at its outer layers through which the heat 
is escaping, and to an intermediate degree in the region between ; 
and the difference in temperature will be the greater the lower 
is the thermal conductivity of the metal. Now the lead wires of 
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the thermo-electric couple will conduct heat away from the couple 
itself towards this outer cooler region, and so tend to depress 
the temperature of the couple itself below that of the mother- 
mass in which it is immersed. This effect will be the more pro- 
nounced the smaller the quantity of mother-mass remaining. 

Again, since the shape of the successively deposited layers is 
not mathematically concentric, so that the last freezing particles 
of the motlier-mass are not situated in the very centre of the 
mass, but more or less excciitricaliy. we cannot e.xpect that our 
couple will, through the last part of the freezing, be in the 
mother-mass; it is far more likely to find itself in some layer 
which has frozen an appreciable time before the last of the mother- 
mass, a layer which consequently is appreciably cooler than the 
mother-mass. By operating on large masses, and by cooling ex- 
tremely slowly, we can lessen the error from these sources, but 
hardly efface it. 

To lake a single example of the distortion of these curves, 
the outer corner of the jog, D, while theoretically shaqj in case 
of a pure substance as given in Fig. 7. when actually observed 
is usually more or less rounded as at D in Fig. 14, partly because 
the point at which we determine the temperature is not likely, to- 
wards the end of the freezing, to be in the mother-mass or last 
freezing part. Another probable reason is the escape of dissolved 
gases during the end of the solidification, so that the mother- 
mass, even the residua! water in case of distilled water, would 
not in general be pure water, but water containing more or less 
atmospheric oxygen and nitrogen in solution. The volatilization 
of this gas in itself absorbs heat and so distorts the cooling 
curve. 

16. Ease of Thermal Studies. — The cooling curve gives 
us a very delicate method of detecting all changes which take 
place within a cooiing mass, and of determining accurately the 
temperature at which they occur. Moreover, the method is not 
only very delicate but very easy and rapid, much more so than 
most of our common methods of investigation. For instance, if 
we are to determine the tensile properties of an alloy, its tensile 
strength, elastic limit, etc., we must prepare test pieces of con- 
siderable size, and these must be throughout their length free from 
mechanical defects such as blowholes, seams, etc. Moreover, the 
tensile strength which we observe will simply be that of the 
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section of least resistance of our metal ; it gives us no direct in- 
dication as to the constitution of the inass as a whole. 

So determinations of electric conductivity, dilatation and 
many other important properties, while they require great care 
and expense in preparing specimens, yet when applied to a single 
specimen, throw little light on its constitution. The cooling-curve 
method, however, not only gives us much light on this question, 
but can he applied to small and cheaply prepared specimens, and, 
if carried out with autographic apparatus, is extremely rapid and 
relatively easy, as well as delicate and accurate. 

17. Selective Freezing. — The cooling curve in Fig, 8 
differs from that in Fig. 7 having a rounded part BC between its 
first part .-iB and its horizontal step or jog CD. This is the gen- 
eral shape of the cooling curve of a solution of say 15 per cent 
of common salt in water, and the rounded part BC represents the 
fact that the salt \vater in freezing does not freeze to a homogene- 
ous ice as pure water does, but splits up in freezing into crystals 
of relatively pure water and crystals of relatively pure salt. 

In certain cases the salt which thus freezes out is hydraled ; 
but in order to simplify the discussion this fact is left out of con- 
sideration throughout this work. 

18. Definition of Selective Freezing. — By this I mean 
that the particles which freeze out of a molten or liquid mass have 
not, at any given instant, the same composition as the mother-mass 
out of which they freeze ; but that freezing proceeds by selecting 
from the mother-mass certain elements or compounds either alone, 
or in greater proportion than that in which they exist in the 
mother-mass. For instance, in our present case of the freezing 
of salt water, the fact that what freezes out first is salt ice nearly 
pure, i. e., having much less salt than the original liquor, is an in- 
stance of selective freezing. 

Many of us no doubt were surprised on reading Nansen's 
travels to see that, although he was travelling over a salt ocean 
and on ice which should have been salt, nevertheless he appears 
to have very little difficulty in obtaining fresh drinking water. 
While this is no doubt to be referred in large part to his finding 
pools of melted snow, yet there is this other cause, that when salt 
water begins freezing, its freezing is selective. The ice which 
forms first is relatively free from salt. t. e.. the salt which had 
been dissolved in it is rejected in freezing, and accumulates in the 
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stitl unfrozen water beneath, so that a crust of relatively pure ice 
forms on the top of the salt ocean. When some of the upper 
layers of this crust remelt under the heat of the sun and again 
freeze, a second expulsion of salt and purification of the ice oc- 
curs, and by this repeated crystallization drinkable water may 
be liad. 

In a direct experiment with artificial sea water the author 
found that, after two freezings, the resultant water was potable, 
and though saltish to the taste left no after-taste in the mouth: 
that the outer surface of the ice resulting from the third freezing 
was quite tasteless, and that the water formed from the melting 
of this third ice was agreeable, about like Apolliiiaris water 
when flat.* 

19, Other Features of Cooling Curves. — Several fea- 
tures of the curve in Fig. 8 demand attenlion. First, the point' B 
at which freezing begins is not at the normal freezing-point of 
water, 0° C, but at — 1 1". We say that the dissolved salt lowers 
the freezing-point, and, within limits, the more salt a solution 
contains the lower is its freezing-point. 

So when plumbiferous tin (Fig- 28 F, p. 60) is cooled, the 
freezing of the tin does not begin until the temperature has fallen 
considerably below the freezing-point of pure tin. In other words, 
although the freezing-point of pure lead (326°^ is higher than 
that of pure tin (231"), yet by the presence of this lead the tin is 
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held molten at a temperature even below its own freezing-point 
of 231". 

20. Freezing Covers a Considerable Range, — Next the 
freezing of our 15 per cent salt solution, instead of occurring at a 
fixed temperature, covers a considerable range, that from B to C 
But this is clearly a consequence of what was described in § i^ 
p. 24. For as the water which first freezes in our flask to rel- 
atively pure ice, thereby rejects the salt which it had contained; 
and as this salt ■thereby concentrates progressively in the centra! 
region of still unfrozen water or "mother-liquor"; and finally 
as this consequently grows progressively richer in salt, it thereby 
acquires a progressively lower and lower freezing-point; or in 
other words as the enrichment of the niother-liqnor in salt goes 
on, a lower and lower temperature is needed to induce the further 
freezing out even of relatively pnre ice. Hence the considerable 
range of temperature covered by freezing: while that the curve 
is roimded, instead of being a straight line, represents the fact 
that this fall of the freezing-point is not strictly proportional to 
the time which it occupies, but becomes more and more rapid as 
the freezing progresses. 

21. Selection N.^turally to be Expected. — Considering 
next the fact that the freezing of a sait-water solution is selective, 
let us ssk whether this is wliat should naturally be expected ; and 
to this end let us try to picture to ourselves what actually occurs 
in the freezing of a 15 per cent salt solution. These mental 
pictures, even if not strictly accurate, may be of great value in 
enabling us to frame the various fact^ into a consistent harmo- 
nious whole, instead of regarding them as simply arbitrary facts 
to be learned by rote, and quickly forgotten. 

First let us concei\'e for an instant tliat the opposite is true, 
i. e., that freezing is unselective, and see whether, in such a case 
as that of salt water, containing 15 per cent of salt, of a solvent 
and a solute which for simplicity we may assume form no chemical 
compound with each other, the conception is natural, or whether 
it is more natural to expect the freezing to be selective. To fix 
our ideas, let us suppose that a single most minute quantity of the 
liquor were to freeze imselcctively, yielding a minute particle of 
salt ice of the same composition as the mother-liquor, 85 per cent 
of water and ice and 15 of salt. For simplicity let us assume that 
solid salt and solid ice are absolutely insoluble in each other. 
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RSee § 51. p. 63, J On account of this reciprocal insolubility, 
what has first frozen must realiy be two distinct flakelets, one of 
pure ice and one of pure salt ; and these two flakelets find them- 
selves in conlact with the liquid mother- liquor. 

Reflection shows that our flakelet of salt ought to redissolve. 
jRrst, while a 15 per cent salt solution cannot remain liquid at 
e existing temperature (which by assimiption is at the freezing- 
point of such a mixture) a solution containing more than 15 per 
cent can, because as we have just seen any increase of salt in this 
range lowers the freezing-point. Hence if our salt flakelet were 
lo redissolve and reenter the mother-liquor, the solution or new 
mother-liquor which its reentry' would form, would be fusible, 
i. f,, would remain liquid, at the existing temperature. But this 
is tile general condition which determines whether a substance 
shall tinite with and dissolve in any liquid to which it is exposed, 
z'is., that the product of their union is fusible, t. c, can remain 
liquid, at the existing temperature. The salt flakelet should re- 
dissolve in the mother-liquor, simply because by doing so it 
would yield a mother-liquor fusible, i. e., liquid, at the existing 
temperature. 

But the flakelet of ice, i. e., of frozen pure water, does not 

) redissolve, simply because its reentry into the mother-liquor would 
Testore the 85: 15 ratio, would make the mother-liquor infusible, 
t c, incapable of remaining liquid, at the existing temperature. 
I Hence in effect at this stage a single flakelet of pure ice has 
Iwoien out, because our salt which we conceived to have frozen 
rwould naturally redissolve. The freezing has thus far been 
'^SiJly selective. Clearly what has been true of the first flakelet 
should be true of succeeding ones. 

Thus we see that selective freezing, instead of being a sur- 
prising phenomenon, is what we ought to expect ; for, when we 
"7 to picture to ourselves unsclective freezing we see that it 
■^"Slit to change itself spontaneously to selective freezing. 

Attention is particularly directed to this reasoning, that 
wnethfr a flake, assumed for argument to have frozen, will redis- 
^"C or remain frozen, should depend primarily on whether its 
'■nnelting would or would not make the mother-mass fusible at 
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22. Selective and Unselective Freezing. — We have seen 
that freezing may be either of two types, 

( 1 ) the selective or concentrating tj-pe, Hke that of salt water, 
yielding an inclined or rounded freezing region in the cooling 
curve. In this type the substance which first freezes has not the 
exact composition of the molten or liquid mass from which il 
freezes, so that some component of that mass prc^ressively con- 
centrates in the still unfrozen mother-part, with consequent pro- 
gressive change of the freezing-point of that mother-part, so 
that freezing covers a considerable range of temperature. 

(2) The unselective type, in which the liquid or molten mass 
freezes without such selection or change. Here, because the 
composition of the part unfrozen remains constant throughout 
freezing, its freezing-point remains constant, and is represented 
by a horizontal jog theoretical Ij- with sharp corners, like BD in 
Fig. 7. (See § 15. p. 20.) 

We have each of these types in the freezing of molten 
alloys as well as in that of aqueous solutions. 

Of the selective type we have two classes, 

(A), those yielding a homogeneous mass, as when that which 
freezes out is (i) a pure and definite substance (this has been, 
for simplicity assumed to be true of the salt which freezes out of 
'our salt water), or (2) a single metal wholly free from those 
with which it was united when molten, or (3) a definite chemical 
compound of two or more metals, or (4) conceivably, a solid solu- 
tion, the successively deposited layers of which are of the same 
composition, i. e., a homogeneous solid solution. As we shall see, 
the successive layers o£ a solid solution as they successively de- 
posit, are not normally of like composition, i. e., are not homo- 
geneous in the act of solidifying, though diffusion tends to re- 
move their initial hetcrogeneousness (§§ 54. 55, 60, and 114; 
pp. 65, 66, 68 and 135). 

(B), those yielding a heterogeneous mass, as when that which 
freezes out is a heterogeneous solid solution. 

23. The Jog .\nd the Eutectic. — In the cooling curve of 
salt water (Fig. 8, p. 18), besides the rounded part which we have 
been considering, there is a sharp-comered horizontal )<yg CD. 
What is the meaning of this? 

As already explained, as the freezing of the salt water pro- 
gresses more and more ice freezes out, and the remaining 
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^■"liquid mother-liquor becomes progressively richer and richer in 
salt; and this goes on until, when the temperature has fallen to 
— 22° C, the proportion of salt in the mother-liquor reaches 23.6 
per cent, the " eutectic ratio." a term which will be explained 
shortly. But beyond this concentration in general it refuses to go, 
for a simple reason which we shall soon see. The progressive 
freezing of pure ice and the consequent enrichment of the mother- 
liquor in salt now cease, .and. on further cooling, the mother-liquor 
gradually freezes without selection, i. e., the ice which now forms 
has the same composition as the mother-liquor from which it 
iomis, so that now the composition of both the nascent ice and 
Lhe mother-liquor remains constant, and further so that the freez- 
ing-point of the mother-liquor therefore remains constant. Hence, 
finally, the horizontal jog CD. (See § 10, p. 17.) 

But though the freezing of the mother-liquor from this point 

''n is unsclective, so that that which freezes out has the exact 

composition of the mother-liquor, this freezing is of special sort, 

'" that the mother-liquor in freezing splits up into a conglomerate 

""ass of distinct crystals of ice and distinct crj'stals of salt, inter- 

^f'^tified in thin plates. But, as has just been said, this congtom- 

^te which freezes during this period is uniform throughout; 

'"cl the plates of salt form 23.6 per cent of it, and the plates of ice 

7"-4- of it ; i, f ., the ratio of plates of the frozen water to those 

_ ' «~ozen salt is throughout the eutectic the same as the ratio of 

'iqui^ water to dissolved salt in the mother-liquor at the time 

'"ner-j \^^ iurther concentration was arrested, and when it froze un- 

^"^*^tivcly to form this conglomerate eutectic. 

34. Freezing of a 20 Per Cent Salt Solution. — If. now, 
inst^s^j of starting with a solution of 15 per cent of salt we started 
witl-». one of 20 per cent of salt (Fig. 9, p. 18), we should get a curve 
of trie same family. The rounded part would begin at a lower 
t^^^I^erature because, owing to the initial greater richness in salt. 



the f. 



reezing-point is lower, i. 



I lower temperature is required 



to Induce the first freezing out of ice. The rounded part would 
enu at the same temperature as in the preceding case, because, 
no niatier what the initial concentration of the salt is, the per- 
centage of salt in the mother-liquor will reach this same eutectic 
catio of 23.6 per cent at one and the same temperature, z-ir., 
—22° C. But the jog will be longer in case of a 20 per cent 
than in the case of a 15 per cent solution of salt, simply because 




\ 

4 



30 



Iron, Steel, and other Alloys 



^ 



in the fonner the quantity of mother-liquor remaining when the 
concentration has reached 23.6 per cent, will evidently be greater, 
and the time occupied in freezing it will be correspondingly 
greater. 

Conversely, since the quantity of relatively saltless ice which 
will form before the mother-liquor has reached tlie eutectic ratio 
of 23.6 per cent will be less than in the 15 per cent solution 
case, not only will the length of the part BC be less, but the re- 
tardation caused by the freezing out of this relatively saltless ice 
will be correspondingly less, and hence the inflection which it 
causes between B and C will be less. Thus comparing the portion 
BC in Fig. 8 with that in Fig, 9 we note that the former is much 
more sharply inflected than the latter. 

In short, dividing the freezing into two parts', the ice- freezing 
and the cutectic-freezing periods. BC and CD, as the proportion of 
salt approaches the eutectic ratio the lower will be the beginning 
of the ice-freezing part, and the shorter and less sharply inflected 
will it be ; while the longer will the eutectic-freezing part CD be, 

25. Freezing of a Eutectic Solution. — If now, as in Fig. 
10, the liquor initially contained exactly the eutectic proportion, 
23.6 per cent of salt, then, as we progressively cool it, no freezing 
will take place until the temperature of — 22° has been reached, 
when the whole will freeze unselectively, as a pure metal or pure 
water would, but splitting up as before into parallel plates of ice 
and of pure salt. 

26. Freezing of a Hvpeb-eutectic Solutiox. — If, finally, 
instead of 23.6 per cent of salt there is 26 per cent of salt 
initially present, then our curve will be of the shape shown in 
Fig. It. which is of the same family as those in Figs. 8 and 9. 
The freezing which is represented by the rounded part BC will, 
however, not be of water but of salt.* because the initial solution 

• Or of a hydrate richer in salt than the eutectic. Guthrie, Phil. Mag., 
5th Ser., I, i8?6, p. 355. 

The precipitation of the excess of salt in this case is exactly that 
which occurs when any hot saturated solution, for instance that of cupric 
sulphate, is gradually cooled. And here we may note that the freexinK 
and crystallizing of ice, the precipitation or crystallizing of a salt from a 
solution which through cooling becomes super- saturated, and the freezing 
of a mela!, are really one and the same thing; they are a passage from the 
fluid to the solid state. Water in freezing looks different from salt pre- 
cipitating out, and both of these occur at a temperature so very much lower 
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^Bas a wliole contains i 
^^ eiitectic ratio. 

27. EuTECTic AND Crvohydrate. — Returning to our salt 
water solution, the fact that, no matter what the initial concentra- 

PtJoii of the solution is, the jog caused by the freezings of the 
eutectic occurs at the same temperature, and the mother-liquor 
which there freezes has the constant composition o£ 23.6 per 
cent of salt, shows that this percentage composition has some 
particular and important relation. This ratio of salt to water is 
the ■' eutectic " or " crvohydrate " ratio, the ratio which gives the 
lowest freezing-point, i. e., the greatest fusibility. In case of 
aqueous liquids it is usually called the " cryohydrate " ; in case of 
alloys it is called the " eutectic," which translated literally means 
the ■' well melting " alloy. Guthrie defined the eutectic in accord- 
ance with this meaning as the most fusible alloy. But as the 
crj'obydrate and the eutectic are essentially one and the same 
thing, we may for our present purpose apply the name " eutectic " 
to both. 

28. Properties of the Eutectic. — To recapitulate, the 
striking properties of the eutectic are : 

(i) that its composition and hence its freezing-point are 
constant, no matter wliat the initial ratio between the solvent and 
the solute. 1. e., the composition of the solution or alloy,* 

(2) that its composition is not, save occasionally and as it 
*ere by accident, in simple atomic proportions,f 



~*n that at which metals commonly solidify, the 
Ik *"'■ ^^"^ "^ usually do not appreciate that they are really one and 
If' Sam* thing. But this conception of the essential identity of the solidi- 
"cation of a metal, ihe frceeing of water, and the precipitation of a salt 
''^ty important for the student of alloys. 

*As will be explained in g| 126 and 127, pp. 148 and 149. "" case 
"^e alloys of gold with aluminium, of antimony with copper, in short 
*lleys of those metals which form definite chemical compounds with 
^^ Other, the eutectic which forms when one of those metals is in great 
^^3s, may differ from that formed when the other metal is In great 
"^ss. In other words, such a series of alloys may have one eutectic at 
*"* Of its ends and another at the other end, and still others at different 
""Ets; but each eutectic is of constant composition. 

t Guthrie pointed out that " The statement therefore that alloys 
'*' 'Minimum melting-points are got on mixing the metals in certain simple 
ratios of their atomic weights, is presumably to be put on one side." (" On 
EutMia," Phil. Mag., sth Ser.. XVII, 1884, p. 465.) 
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(3) that it consists of a conglomerate of distinct pa 
of the two components, mechanically mixed. 

If the two components of the eiitectic are soluble in each 
(when solid) in all proportions, the eutectic is not a conglor 
but simply a solid solution. If the two components are solu 
each other but only to a limited degree, then the eutectic is : 
glomerate of particles of the two components, the particles o 
component being saturated with the other. In short, it is : 
glomerate of saturated solid solutions of the two components. 




Pig. 13. Alloy of j8 pei cent Bismuth, 41 per cent Tin.'' 
Made by \Vm. Campbell in the Author's LaboraCor;. 



these facts we may for the moment leave out of sight. W 
take them up and consider their explanations in §§ 57, 65 an 
pp. 62, 73 and 74. 

The most characteristic, and perhaps the most usual mt 
occurrence is in alternate plates of each of the two compoi 
interstratified, and not crossing each other. (Fig. 13.) Bu 
very considerable proportion of cases the two components ( 
eutectic, though clearly distinct from each other, have a celhi 
sphemlitic instead of a sheet-like structure. Fig. 17, p. 47, s 
the banded or sheet-like and spherulittc structure of the eu 
occurring side by side in the same specimen. 
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Eo components may, as in the case of alloys of lead and 
_ ^._.?s of one metal interstratified with plates of another 
mctaj ; or as in the case of salt and water each may be a definite 
chemical compound, plates of ice being interstratified with those 
of sodium chloride ; and the same may occur in tlie case of alloys. 
For instance in the case of alloys of copper and antimony (Fig. 
5'> p. 150) we have a euiectic which consists of layers of copper 
interstratified with layers of antimonide of copper. Again the 
qiiasi-eutectic or Eeolic (See § 148, p. iy8) which forms in steel 
consists of plates of the definite carbide, cementite, Fe,C, inter- 
stratified with plates of pure iron or ferrite (Fig. 63, p. 177). That 
which forms in oxide-bearing copper appears to consist of plates 
of cuprous oxide interstratified with plates of copper;* that in 
phosphoric iron appears to consist of plates of a definite iron 
phosphide FejP interstratified with a saturated solution of that 
sanie phosphide in iron, elc, I'/r.f 

The alloys of three or of four metals may contain eutectics 
insisting of interstratified plates of the three or the four com- 
P°"ent metals.J 

sg. Reasons for the Properties of the Eutectic. — 
^^re are extremely simple reasons wliy the eutectic formed in the 
ireeziiig of salt water should have the properties which have just 
been enumerated, surprising as those properties at first seem. 
^^Se reasons are readily seen on following t!ie freezing of a solu- 
tion f^{ say ] J p^r cent of sah in 85 of water. To this end let us 
2gain follow the progress of freezing. It begins with the irtez- 
i"E Out of a little pure ice; this enriches the residual mother-hquor 
in salt; and this in turn lowers the freezing-point of that mother- 
li<luor, t. e., the temperature to which we must cool it to induce 
(urtVier freezing of ice; and this joint freezing out of ice and 
bwering of the freezing-point go on progressively through the 
ice- freezing period, a residue of mother-liquor persisting unfrozen, 
I'Wause as fast as the temperature falls, so fast does the freeziug- 
t"^nt of the mother-liquor fall thanks to its simultaneous enrich- 



•Heyn. Bulletin SociiU d'EncouragetnenI pour Vlndustrie Nalionale, 
p. 276, igoi. 

t Stead, Journ. Iron and Steel Inst., II. igoo, p. 83. 

t Guthrie. Phil. Mag,, sth Ser., XVIl. pp. 465-6; Charpy, BulL 
■ iw, d'Encouragemenl. Sth Ser., Ill, pp. 650-1, 1898; The Metallogrophisl. 
I n, p. 32, 1899. 
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ment in salt, so that at each instant the mother-Hquor is at its 
frcczing-poinl. 

But there must be an end to this : there must be a limiting 
temperature at which no mixture of salt and water can (normally) 
remain liquid, and that limiting temperature is the freezing- 
point of the most fusible, i. c, the most easily Uquefiable mixture 
of salt and water, vi::., that with 23.6 per cent of salt, freezing 
at — 22" C. On reaching this temperature and composition the 
mother- liquor itself should freeze. For. just as it was the pro- 
gressive enrichment of the mother-liquor in salt that caused it 
to remain unfrozen in spite of the progressive cooling, simply 
because that enrichment gave to the mother-liquor a lower freez- 
ing-point ; so when the enrichment in salt reaches and tends to 
pass 23.6 per ceTit it should fail to keep the mother-liquor from 
freezing, because further enrichment in salt, instead of lowering. 
would raise the freezing-point; instead of keeping the mother- 
metal from freezing it would make it freeze all the sooner. At 
every instant in the cooling until this 23.6 per cent is reached, the 
mother-liquor is at its then freezing-point, and is kept from actu- 
ally freezing by the simultaneous fall in that freeziiig-]X)int caused 
by the freezing out of water and consequent enrichment of the 
mother-liquor in salt. The mother-liquor at each instant is on the 
point of freezing, but in starting to freeze renders itself unfreezable 
at the existing temperature by thus as it were ejecting from itself a 
little water and so making itself richer in salt. But when it has 
reached 23.6 per cent of salt and simultaneously reached the 
freezing-point of that mixture, freezing cannot normally be de- 
ferred by further differentiation, because any change in composi- 
tion would now raise the freezing-point; as the mother-liquor is 
now at its freezing-point, to raise its freezing-point without rais- 
ing its temperature would freeze it. Hence, further selection 
offers no escape from freezing. 

Hence we see why the composition and freezing-point of the 
eutectic are constant and independent of the initial proportions 
of salt and water. For. no matter what those proportions, since 
the condition which enables the mother-liquor to remain unfrozen 
through progressive cooling is that the change in its composition 
(which, through the freezing out of one component, accompanies 
that cooling), leads to a lower freezing-point; so this permissive 
condition ceases when the 23.6 per cent limit is reached simul- 
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taneously with the freezing-point for timt limit, simply because 
no further change in composition can now yield a lower freezing- 
loint, 1. c, no possible combination of salt and water can normally 
lain liquid at this temperature, a condition of affairs evidently 
jrhoUy independent of the initial composition. Of course, the 
arer the initial composition of the liquor is to this 23.6 ratio, 
pie less will be the excess of water (or salt) to be frozen out before 
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reaching this ratio, and the larger will be the quantity of the 
futectic which will form; but the composition and freezing-point 
of the eutectic are clearly wholly independent of this. 

30. SuRFUSiON. — These assertions represent' the condition 
of ef]uilibrium, the normal condition towards which our phe- 
nomena lend. But though our phenomena tend towards equilib- 
rium they are often prevented from reaching it, for instance 
through suffusion, a matter which we will now consider. 
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ll has long been known that water and other liquids, if kept 
perfectly still, may be cooled considerably below their true or 
normal freezing-point without actually freezing; but that if then 
agitated they at once freeze, and so rapidly that the latent heat 
of soiidification raises the liquid qinckly to its true freezing-point, 
o° C. in case of water. 

The same is true of molten metals. Thus, Fig. 14, p. 35, shows 
the cooling curve of molten tin. which passed about 5° below its 
normal freezing-point (231° C. ) before it began freezing. The 
temperature then rose quickly to about 231°, and remained nearly 
stationary till the whole had frozen. This phenomenon of remain- 
ing molten below the true freezing-point is known as surfiision. 

So in the familiar example of a solution of sodium sul- 
phate. A solution of this substance saturated at its boiling- 
point can be cooled to the temperature of the room without crys- 
tallizing, although it thereby becomes very greatly supersaturated ; 
I. e., the water retains in solution very much more sodium sul- 
phate than it is capable of absorbing at the room- temperature, and 
very much more than normally corresponds to its saturation-point 
at this temperature. Bitt if a crv'stal of sodium sulphate is dipped 
into this supersaturated solution, the whole crystallizes, i. e.. 
solidifies or freezes Very rapidly, the solidification or freezing 
radiating out from this crystal as a nucleus. The same effect is 
brouglit about by dipping a glass rod into the supersaturated 
solution; but if the rod is freed from dust, or heated and then 
cooled, it may not induce freezing. 

In detennining the freezing-point of alloys, surfusion may 
depress both freezing-points, i, c, the temperature at which the 
excess-metal begins freezing, and that at which the eutectic be- 
gins freezing. The cooling curve in Fig. 15 shows an apparent 
case of surfusion of the eutectic in a tin-copper alloy," containing 
about 96 per cent of tin and 4 per cent of copper. Had the 
freezing been normal, i. e., bad there been no surfusion, the eutec- 
tic should have begi.m to freeze when the temperature reached C, 
and the cooling curve should have been something like ABCKDE. 
The part CK has been dotted in iiere to show this normal course of 
freezing. But actually the freezing of the eutectic appears not 



* Third Repl. Alloyi Research Commiltre, Plate 41. The wording 
1 this figure is the author's, not Professor Stansfield's. 
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to have begun until the temperature fell to /. The heat hberated 
by its freezing then raised the temperature of the whoJe to K, and 
the rest of the eutectic froze at constant temperature, KD. 

Another case of surfusion of a eutectiferous alloy is given 
in § 43. P- 54- 

A means of preventing sitrfusion, like that used in the case 
of the supersaturation of sodium sulphate, is to drop a little 
solid alloy into the molten one. to act as a nucleus to start freez- 
ing. Agitation of the molten mass also arrests surfusion. 

We are here reminded of the fact that water* can be raised far 
above its true boiling-point of ioo° C, even to i8o°, without actu- 
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ally boiling. If, however, a nucleus to start boiling is provided, 
e. g., if bubbles of appreciable size of any gas once form within it, 
or are passed through it. boiling takes place rapidly or even vio- 
lently. It is familiar that the bumping of solutions can often 
I be prevented by offering a rough surface to induce boiling. These 
\ effects can be referred to surface-tension. Tiie water evaporates 
within itself readily if there are bubbles into which it can evap- 
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orate. The smaller the bubble the greater the resistance does its 
surface-tension offer to boiling, i. e., to the entry of gas into it 
by evaporation from its sides. An infinitely small bubble, i. c, 
a liquid free from bubbles, offers an infinite resistance to boil- 
ing. If the water initially contains dissolved air, or any otlier 
substance more volatile than itself, this volatilizes and creates 
bubbles into which Steam can evaporate; hence the bumping ten- 
dency of liquids which, by long belling, liave been freed from 
volatile foreign matter.* 

Tlius, though there are definite temperatures which are the 
normal upper and lower bounds of the liquid state, within which 
bounds alone that state is normal, yet a liquid may be induced to 
retain its liquidity both above and below this range, may pass the 
upper bound without boiling and the lower one without freezing, 
in each case remaining in a state of unstable molecular equilib- 
rium, hable to be upset by mechanical means, by inducing a nu- 
cleus from which freezing or boiling may start. Once this 
equilibrium is upset, the boiling or freezing, the change of state, 
goes on very rapidly, even violently, and the substance passes into 
the molecular state normal for the existing temperature. 

The important point for us to recognize here is that surfusion 
may distort the cooling curves, so that those which have been 
sketched in this work are to be taken as types, in which this 
disturbing influence is for simplicity ignored. So in the explana- 
tions offered in this work of selective freezing, of the properties 
of the eutectic, etc., the disturbing influence of surfusion is ig- 
nored. * 

31. Why the Eutectic is Composite. — That the eutectic 
formed on freezing salt-water solutions consists of alternate plates 
of salt and of ice simply represents the assumed fact that solid 
ice and solid salt are insohible in each other, soluble as salt is in 
liquid water. (For brevity I purposely assume here that this 
insolubility is complete. See § 51, p. 63.) 

That tliough liquid water dissolves salt, salt and solid water, 
f. e., ice, are insoluble in each other, necessarily implies that when 
the eutectic freezes they must (normally) cease to remain dis- 
solved in each other, 1. e., they must mutually expel each other. 



" Compare " Theory of Heat," J. Clerk Maxwell, D. Appleton & Co., 
18?5, p. 289. 
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^^o that each isolates itself from the other. Hence their existence 
™ as distinct particles. That these distinct particles should in gen- 
eral have a sheet form would not, however, be so easily foreseen. 
Indeed, as ive have seen (§ 28, p. 32) this form is by no means 
H universal. 

^K 32. Why the Eutectic Is Not of Simple Atomic Pro- 
HvoRTiON'3. — That the composition of the eutectic is not in simple 
^-atomic proportions is natural enough. Its composition is that 
of the solution (or molten alloy) of lowest freezing-point; and we 
see no reason why this lowest freezing-point should correspond 
to any simple atomic ratio. It is the freezing-point of a homo- 
geneous liquid solution which we are considering, rather than 
the melting-point of a solid, which we know to be a conglomerate 
mass. The very indefiniteness and indeterminateness of com- 
position o£ solutions, and their freedom from marked critical 
points, seem opposed to the idea that their lowest freezing-point, 
or indeed their maxima and minima in general, should corre- 
spond to simple atomic proportions. 

33. Arrival at Eutectic Composition and Freezing- 
HTOiNT ARE Simultaneous. — That the arrival at the eutectic 
^^feomposition and freezing-point must be simultaneous is simply 
^^4 single instance of the general condition which we have traced 
during freezing; for we have seen (§ 29. p. 33) that at every 
instant during freezing the mother-metal is beginning to freeze, 
'■ e., h at its then freezing-point. That its freezing is not com- 
pleted at that temperature is simply because the selective change 
of composition which acccttnpanies the progress of freezing is 
t'> and through a series of compositions each corresponding to 
a lower freezing-point than the preceding. 

34- Eutectic Plus Excess. — Now, looking at Figs. 8 to 11 
collectively we may note that whatever be the initial percentage 

»"' Mlt in our salt-water solution, when it is frozen it will con- 
**■" a eutectic of 23.6 per cent of salt. If there is initially 
Pftsent say 30 per cent of salt, or an excess of 6.4 per cent 
'"'sr this eutectic ratio of 23.6 per cent, then the mass when 
"tozen will be a conglomerate consisting in the first place of the eu- 
'wtic in its interstratified layers, and in the second place of this 6.4 
Pff cent of salt in separate crystals, mechanically intermixed with 
the eutectic. If on the other hand there is say 15 per cent of 
^'t initially present, so that there is 8.6 per cent excess of 
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water over the eutectic ratio, then the mass in freezing as a 
whole will form a conglomerate consisting; of the eutectic as before, 

plus this 8.6 per cent excess of mechanically intermixed crystals of 
ice. In short, the frozen mass will in every case be a conglom- 
erate, consisting of a eutectic plus an excess-substance, which 
will be either salt or ice, as the case may be. In the liquid 
state, if water is in excess over the eutectic ratio we say that 
we have salt dissolved in water; if salt is in excess we may 
say that we have water dissolved in salt. The excess-substance 
of the solid state is the solvent in the liquid state, in this view. 

34.^. Precaution as to the Term "Excess-substance." 
— The student should here recognize clearly that the term " excess- 
substance " refers strictly to excess over the eutectic ratio, and 
does not at all refer to excess in absolute quantity. For instance 
in a salt water solution containing 30 per cent of salt and 70 per 
cent of water, the salt is the excess-substance simply because there 
is more salt than corresponds to the eutectic ratio of 23.6 per cent ; 
and it is in this sense the excess-substance in spite of the fact that 
the absolute quantity of salt is less than half tliat of the water 
present. In some other cases the excess-substance may bear a still 
smaller ratio to the other or deficit-substance. 

This fact that the excess-substance may be very much less 
in absolute quantity than the deficit-substance is certainly an 
objection to the term itself, because it may easily lead to confusion. 
On this account the expression " hyper-eutectic substance " has 
the great advantage of carrying its meaning, excess over the 
eutectic ratio, more clearly on its face. But the brevity and 
convenience of the expression " excess-substance " are so great 
that it will be used in this work, though not without some mis- 
givings. 

It is as if, assuming that a company of infantry should nor- 
mally consist of one captain and one hundred privates, we were to 
find that in some individual company there happened to be ten 
captains and only ninety privates. We should here with perfect 
propriety say that there was an excess of captains, and every one 
would properly understand that we meant, not that there were 
absolutely more captains than privates, but that the captains were 
in excess over the normal ratio of i : 100. 

35. The Excess-freezing and the Eutectic- freezing 
Periods. — From what has just been said, the division made at the 
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end of § 24, p. 30 into the ice-freezing and the euteccic- freezings 
periods, should be replaced by the more generic one of (i) the 
excess- freezing and (2) the eutecttc- freezing periods (BC and 
CD in all the cooling curves in this work), a division which, as 
we shall see, applies to the freezing of our eiitectiferous alloys, 
to-hich are very numerous. (§§ 47 to 52. pp. 59 to 64.) 
L 3$A. Reasons for the Spherulitic Structure of Cer- 
tain EuTECTics. — My own obser\-ations lead me to believe that 
the banded sheet-like structure, with its zebra-like markings, is 
the normal structure, the structure witli which the eutectic habit- 
ually comes into existence; and that the spherulitic structure is 
due to the drawing together or coalescing of the initially distinct 
particles of one of the two constituents of the eutectic. Indeed, 
the separate particles of each constituent may coalesce into larger 
but still distinct masses. Thus I found that in an alloy of 96.74 
per cent copper with 3.30 per cent of silver by weight, when 
cooled very slowly, the eutectic at first sight seemed to be 
entirely lacking. There were little white lakes of silver in the 
great ground mass of copper ; and towards the middle of these lakes 
were a very few small islands of copper. This was exactly what 
1 had expected, although under the usual conditions of slow 
cooling this alloy contains a little distinct eutectic, together with 
much argentiferous copper. 

Tlie explanation is extremely simple. The eutectic itself 
uoubtless consisted initially of sheetlets of argentiferous copper 
^"'^ other distinct sheetlets of cupriferous silver. But during the 
Prolonged stay at a temperature verj- slightly below the freezing- 
^"t, the copper particles of the eutectic slowly migrated out- 
^'XJs, so as to coalesce with the continent of copper surrounding 
* Pool of eutectic, and at the same time the silver particles coa- 
fsc^^ so as to form a lake instead of a banded mass. The little 
'3 arj^j ,^f copper remaining were simply those which had not yet 
'''^^sced with the outer continent. 

Again, on heating an alloy of 62.98 per cent silver and 37.00 
''^'^ ^ent copper for seven hours to a temperature but slightly be- 
'^^ the eutectic freezing-point, I obtained similar results. This 
alifiy should normally consist of ( i ) copper as the excess-metal 
*"1 (2) the eutectic, and under common conditions we should have 
*''K« islands of copper in what we might call a marsh of eutectic. 
"^t in this alloy I found that the eutectic marsh in the neighbor- 
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hood of tlie islands of copper had converted itself into a free lit- 
toral region, i. e., around the islands of copper there was a free lit- 
toral region of silver containing no bands of copper, from which I 
infer that the bands of copper initially present in this littoral region 
had coalesced with the islands of copper. 

Further, the eutectic proper, while still distinctly recognre- 
able. had lost to a great degree its banded structure, and the 
sheets of copper were in large part replaced by minute circular 
islands of copper, arranged in rows. 

This coalescing and outward travel is like that of the bubbles 
floating on the surface of water in a tumbler. The bubbles ini- 
tially near the edge of the tumbler quickly move outwards and 
attach themselves to the walls of the tumbler. Those initially 
nearer the centre, with less attraction towards the walls, and 
with the attraction of one wall partly offset by that of the oppo- 
site, move very slowly; but, given time enough, all will reach the 
sides of the tumbler. 

In quite the same way, it seems to me. we can explain the 
spherulitic structure of certain eutectics. There has been, at a 
temperature high enough to give much mobility, a sojourn so long 
that the sheets of one component have drawn together into little 
spheres, like so much oil in water. 

It has sometimes been said that in a eutcctiferous alloy 
"structurally free" particles of the two constituents of the eutec- 
tic cannot coexist. This is wholly incorrect. It is true that there 
cannot be at the same time an excess of both constituents over the 
eutectic ratio. If, for instance, silver is in excess over the eutectic 
ratio, copper cannot simultaneously be in excess. But there is no 
reason why the particles of the eutectic should not so coalesce, 
each constituent by itself, that each forms masses of considerable 
size which, to the eye, are structurally free. Let us recognize that 
structural freedom may be an accident; as in the case described 
above, the metal in deficit may form structurally free masses. 
Hence, for precise thought, the expressions "excess-metal" and 
" deficit-metal " may be found better than " structurally free 
metal." 

If I am right in this, then the banded structure of the eutectic 
may be looked upon simply as an accident, and we have to fall 
back upon its quality of being an alloy of lowest melting-point, 
and also that it is composed of distinct constituents, as its two 
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Iesscniia! qualities. Of these the former evidently is the sole 
distinguishing quality. 
356. Influence of the Structure of the Eutectic. — 
I have often been puzzled by the very great degree of ductility 
wbich I have given to certain steels by extremely slow cooling. 
Now this change in the structure of the eutectic is certainly a 
possible cause, and one which should be investigated. Steel, as 
we shall see, is a eiitcctiferous alloy, and the two constituents of 
its quasi eutectic are sheets of glass-hard brittle cementite, FejC, 
and other sheets of soft copper-like fertile or free iron. It may 
well be that the prolonged sojourn at a high temperature which 
extreme slow cooling implies, may enable the sheets of cementite 
lo depart somewhat from their initial sheet form and to change 
towards the spherical form. Further, it is but reasonable to sup- 
pose that rounded spheres of cementite should interfere less with 
'be ductility of the whole mass than the same quantity of cemen.- 

*tite in the form of sharp-edged sheets ; and that even a fractional 
^liange from the sheet-like towards the spherical form should have 
an effect like in kind, though less in degree. 
36. Manv Alloys Parallel with the Salt-water 
Sehies, — Many of our alloys, for instance those of lead with tin, 
fcrm a series similar to the salt-water series which we have been 
Wisidering. Like it, lead and tin form a eutectic, a conglomerate 
of plates of lead interstratified with plates of tin. Its composition 
though not in atomic proportions is constant, zns., lead 31 per 
^^t, tin 69 per cent; hence its freezing-point is constant. Any 
given solid lead-tin alloy consists of the eutectic either alone or 
*ith an excess of lead or of tin, according to whether the alloy 
35 a whole contains just 31 per cent of lead and 69 of tin, or an 
'Wess of lead or of tin over this ratio. The cooling cu^^'es of 
pure lead, pure tin, and of the 31-69 per cent alloy (Figs. 28.4, 
^^G. and 28 £, p. 60) are comparable with those of pure water, 
pure salt, and the 23.6 per cent or eutectic salt solution ( Figs. 7 and 
'"' ?■ 18), unselective, with their smoothness interrupted only by 
"icJQg [BD or CD). The cooling curves of the alloys which con- 
^^ an excess of lead or of tin fsay lead 67, tin 33 per cent, Fig, 
^C and tin 85, lead 15 per cent, Fig. 28 F) are like those of salt 
**'" containing an excess of water or of salt above the eutectic 
tatio (Figs. 8, 9 and 11), with their selective or excess- freezing 
I P^'iod BC, i. e., the progressive freezing out of the excess-metal 
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and consequent enrichment of the still molten mother-metal in the 
deficit or dissolved metal (tin if lead is in excess, and lead if tin 
is in excess), beginning at a temperature below the freezing-point 
of the excess-metal (a temperature which is the lower the nearer 
the composition of the alloy as a whole is to the eutectic ratio), 
continuing- through a considerable range of temperature with the 
rounded curve BC. and ending with the freezing of the eutectic 
at a constant temperature of i8o°, represented by the jog CD. 

37. Stratification According to Density. — The fact that, 
in a partly frozen pond, the ice. the lighter substance, floats at 
the top and the water, the heavier, is beneath it, might well 
suggest to us that in frozen alloys we should find the different 
constituents stratified according to density. Indeed the general 
conditions might well suggest this. In fact such stratification is 
rarely marked, except in case of alloys which while molten break 
yp into different parts which refuse to coalesce with each other. 
In this case, indeed, the stratification may be very decided. But 
in case of alloys which are homogeneous while molten but in 
freezing split up into different constituents, such as the eutectic 
and the excess-metal, we should hardly expect that stratification 
would be marked. 

In the case of ice forming on a pond the conditions favor 
stratification; the cooling surface is the top; the coolest water, 
approaching the freezing-point, is the lightest and tends to rise 
(assuming thai the whole of tlie water is below 8° C.) ; here ice 
forms; so that the lighter substance, the ice, here comes into 
existence at the top, and readily retains this natural position. But 
if we freeze water in a small iron crucible with roughened sides, 
and e'specially if we cover the upper surface of the water with 
sawdust to retard the removal of heat there and concentrate the 
cooling and freezing on the rough sides of the crucible, then the 
freezing will occur first along these rough sides, and the particles 
of Tee as they form will tend to adhere to thein ratlier than to rise 
to the top by gravity. 

In the freezing of metallic masses we have a like effect. 
Freezing occurs most rapidly at the bottom and sides against the 
cool mould-walls, and more slowly at the top, to which the con- 
vection currents carry tlie hottest and lightest part of the molten 
metal. So the metal which first freezes fonns a thin Iiollow cup 
along the sides and bottom of the mould, a cup which even if it 
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iboiild be lighter than the molten metal would be restrained from 

ising by its adhesion to the mould-walls, and often by its very 

The next layer to form attaches itself to this first, and 



Otlier reasons lead in the same direction. In case of a lead- 
tin-alloy. Fig. 28 f, because the freezing of the alloy is usually 
rapid, because the crystals of tin which freeze out from j5 to C 
are not only extremely minute but also very near in density to 
the mother-metal in which they form, and because the niother- 
metal itself during their formation is relatively viscous, at least 
when compared with an aqueous solution, the crystals of tin do 
not necessarily remove themselves bodily out of the mother-metal, 
as ice forms on the surface of a pond, but remain mechanically 
entangled in it or attached to the sides of the mould ; and on 
examining under the microscope a polished section of the solid 
alloy, we find the little crystals of this excess of tin distributed 
through the mass with a uiiifofmity of about the same order as 
that of the crystals of feldspar in a granite. It is no doubt for 
like reasons that, in our crystalline rocks, minerals varying con- 
siderably in density occur side by side, instead of being stratified 
according to their density. 

If we were to cool our alloy so extremely slowly that its 
freezing occupied many hours, under favorable circumstances we 
might find a stratification according to gravity. This indeed is 
what happens in the peculiarly favorable case of the graphite of 
Cast iron very slowly solidifying in the "mixers" of the great 
stal works. The graphite is so much lighter than the iron in 
'Wch it forms, and the solidification is so extremely slow, that 
rauch graphite rises to the surface as " kish " and blows about 
"* building. (§ 185, p. 210.) And in certain other alloys, the 
^^istituents of which differ much in density, stratification can 
I* delected with a microscope. Indeed, in the case of the tin- 
^oiimony alloys, the microstructure of which is shown in Figs. 
10 and 37, pp. 46 and 89, the cubes which form during freezing 
^y< if the freezing is very slow, reach such a size and may be 
^ '"^e from attachments to the already solid walls of the freezing 
Ihat they swim to the top, and after the alloy has cooled can 
'"ye be seen in a section properly prepared for this purpose, 
^% 16 shows how these little cubes have thus risen to the upper 
put of the molten mass. 
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T,S. MiCROSTRUCTLRE. — This gencsis which we have been fol- 
lowing, the freezing out first of the excess-substance and then 
later of the eutectic, is reflected iii the microstnicture. Thus in a 
microsection of a copper-silver alloy richer in copper than its 
eutectic ratio of 72 silver 28 copper, we find (Fig. 17) the excess 
of copper ift small dark crjstalHtes grouped together like a fern- 
leaf or pine-tree. Thus in freezing this copper has arranged itself 
around definite crvstnllinc avcs. the tnuik and branches of the 




Fig. 16. Alloy of 90 pel cent Tin, [o per cent Antimony, 
how the Cubes of Tin .Anlimonide (.Sn Sb) have liaen by G 

the Top of (he Ingot. Verlii:a.t Section of the Ingot. 
Prepared by William Campbell in ihe Author"? Laboratory. 



pine-tree, and in doinfj so has displaced the slill molten eutectic, 
which, on later reaching its own freezing-point, has solidified in 
these spaces into which it has thus been driven between the pine 
branches. 

And here we have a first e,\ample of the kind of evidence 
that guides us in deducing from the microstructure the order of 
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( the different constituents. It is a natural principle that 
? earlier bom constituents should assume their own crystalline 
forms, since at the time when they are solitlifyiug the remainder 





Fig. IJ. Eutettiferous Coppet-silvar Alloy. I 



C. H. Eckeison and the Author. 
The dark fern-leaf crystals are the ex cess-metal, argent iferotis copper. 
euleclic U shown Ixilh in plate and spheroidal shape. 

Excess as \etwork, Eutectic as Meshes. 
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Fig. l8. Alloy of Mo per cciu Lup|jcr. .u pel lciiI .-^livcr. 
utecilc is l.evol's alloy, copper 28.1, silver yt.i) per cent. The black 
abarescent network is (he excess of copper over the eutectic ratio. 
Prepared by E, J, Hall in the .Author's Laboratory for this work. 
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of the mass is still a molten menstruum, in which they are free 
to grow ; whereas the constituents which form later, through later 

freezing, find themselves at birth already displaced by their elder 




Fig. It). While Cast 
{F.Osmond, I'rivale Commun 



ih Tincture of Iodine. 
■.I, Tht .\hlallogmfh,jl. III, 197.) 



Fig. zo. Alloy of Copper 45 per cenl, Aluminium 55 pel «n 
Made in Ihe Author's I.aboratory liy William Campbell. 



brothers, and occupying the spaces between them, the only space 
that is left. In short, the early freezing substances would natu- 
rally form " idioniorphic " crystals or crystalline groupings, while 
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the later freezing ones would naturally be grouped pscudomor- 
phically. (For definitions see § 39, p. 51.) 

Now, a pine-tree or fern-leaf crj'stalHne grouping, like that 
in Fig. 17. certainly appears to be idiomorphic. Even if we did 
not know the history from other data, we should say that this 
fem-leaf is an early-born substance, and the eutectic between is 
of later birth. This is shown even more clearly in Figs. iS and 19, 
the dark rows of semi-arborescent crystals in which are evidently 
free growths in a menstruum at least mobile enough to enable 
the growing tree or bough to push it aside. 

The interpretation of polygonal structure, like the dark net- 
work* and light polygons of Figs, i and 2, pp. 3 and 4, needs more 
care, because each constituent might be at first sight reckoned either 
idiomorphic or pseud omorphic. But the fact that spines of the 
dark network protrude into the light mcshwork,* and that well- 
oriented stripes of the former occur in the latter, indicates that 
the fonner is the earlier formed ; for if the network were formed 
after the polygons had already solidified, it is less likely that its 
nascent spines and stripes could thus have thrust themselves into 
the already relatively firm polygons. In case of Fig. I, we know 
from Osmond's independent data, embodied in Roberts- Austen's 
diagram, Fig. 68, p. 194, that the dark network of ferrite is of ear- 
lier birth than the light polygons of peariite. (See § 169, p. 198.) 
Further examination of this type of structure as shown in 
'^'gs. 21 to 23. p. 50, goes farther to show that the network 6f the 
^cess-substance ferrite {shown in these three figures as the lighter 
^"stitucnt) is older than the meshwork or matrix-substance, the 
JI "as i -eutectic or asolic peariite, because of the way in which the 
'"^ spines of the fonner shoot out into the latter. 

Eiit in other cases it is the eutectic which fonns the network 
[r, the excess-metal the meshwork or polygons, as in Fig. 20. 
t *'"^. then, the polygons are the earlier and the network the 

^ *FoT the benefit of any [o whom the distinction between the terms 

J^^y^oik" and "meshwork" may not be perfectly clear, the following 
™'**itions from Webster's Dictionary are given : 

Nttwork — A fabric of threads, cords, or wires crossing each other 
*' '-'iriain intervals, and knolled or secured at the crossings, thus leaving 
^P"^ or meshes between ihem. 

Mesh — The opening or space enclosed by ihe threads of a net 
between knot and knot. 
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iter born, in contrast with the condition of affairs in Figs. 



This diversity of arrangement, this having the excess-substance 
rm in some alloys the network and in others the meshes, is due 
to a corresponding diversity in the way in which the earlier 
formed, the excess-substance, crystallizes. With the great diver- 
sity in the forms wliich ice assumes under different conditions we 
are all familiar, the transcendent ly beautiful hexagonal stars which 
snow forms on some very cold days, the arborescent tracery on 
^our window-panes and even at times on the sidewalks, the stout 
ilumnar structure of our artificial ice ingots. And like diversity 
is found in many minerals. 

In general, where in any given alloy the excess-substance 
forms arborescent or hollow crystals, or crystals which enclose 
space, it tends to form the network, leaving the eutectic to occupy 
the meshwork thus left between the cn'slalline branches or plates. 
And where, instead of foniiing arborescent, hollow, or other 
crj'slalline forms enclosing space, the excess-substance forms solid 
crystals, each of which grows from a centre, growing as a solid 
cube for instance from some starting-point, then the excfSs- 
substancc tends to form the meshwork, expelling into the spaces 
between these crystals the mother- metal, which will eventually 
turn into the eutectic. At first these intercrystaUine spaces 
occupy the greater part of the whole mass : but with the growth 
of the individual crystals, the intercrystaUine spaces are progres- 
sively encroached upon, and are later reduced to a mere network. 
These generalizations are not intended dogmatically or as of 
universal application, but rather to suggest to the student the 
"lanner of growth, and to aid in deducing from the crystalline 
arrangement the seniority of the different components. 

39- Definition. — An idiomorphic or automorphic crystal is 
^"'^ with a shape due to the crystalline nature" of the substance of 
*hich it is composed, as distinguished from a pseudomorph, i.e.. 
'^n* with a shape due to other causes, such as the shape of the 
*P3« In which the substance is confined, the shape of a previously 
M'stitig substance which it replaces, etc. 

Valuable evidence as to seniority can often be had by ex- 
atnitiing the different constituents with a view to deciding which 
of them on one hand exist in i(homorphic crystals, or in shapes 
mdicatirig that they have formed freely in a liquid or plastic 



Iron, Steel, and other Alloys 

medium, and which simply ocaipy the spaces left by the earlier 
fonned crystals of other constituents. This criterion must, how- 
ever, be used with great caution. Thus in Fig, 20, p. 48, certain 
off-shoots of the eutcctic into the dark ground mass might readily 
suggest that they were idiomorphic. But, on closer examination, 
we see that these spines really follow the orientation of the dark 
crystals, so that the eutectic, instead of having sent out early 
spines which have persisted, has simply occupied certain spaces 
left within the cr>sta]s of the earlier fonned constituent. 



CHAPTER III. — FREEZING-POINT CURVES 



40. Physical Properties of Series of Alloys, or The 
General System in which the Changes in any Given Crit- 
ical PoiXT 08 Critical Composition Occur as we Pass from 
One End of a Series to its Other End. — The importance and 
indeed the meaning of this class of studies can best be seen after 
we have examined an individual case, of which the " freezing- 
point curve " is probably the most important. 

41. Freezing-point Curve. — In the cooling curves in Figs. 
8, 9, I r, and 28 B, C, D and f, pp. 18 and 60, we may note two crit- 
ical temperatures, B at which the freezing of the excess-substance 
begins, and CD at which it ends and the freezing of the eutectic oc- 
curs. For brevity we may call diese the two freezing-points, e. g., 
for each alloy of lead with tin. Now, to bring together and compare 
the teaching of all these cooling curves and to see in what manner 
these freezing-points varj-, as we pass from pure lead tlirough the 
lead-tin alloys to pure tin, we may plot, as in Fig. 24, p. 54, with 
temperature as ordinate and percentage of tin as abscissa, the posi- 
tion of these two freezing-points, when we find that the upper 
freezing-points fall into a V-shaped curve, ABC, underscored by a 
horizontal line aBc, the freezing-point of the eutectic* Let us here 



t the outset that each 
. specific temperature 



• Let the reader clearly impress on his mind a 
point in this and like diagrams represents both : 
through its vertical distance from the homontal axi 
position through its horizontal distance from the vertical axis. For 
instance, the point B represents the icmperatnre of 180° through its height, 
and it also represents the composition lead 31 per cent, tin 69 per cent, 
through its distance to th« right of [he uxis OA. 
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t once recognize this, the essentia! feature of this family of curves, 
' the iinderscored V. The line-^B is the locus of the temperature at 
which lead begins to freeze out from molten lead-tin alloys which 
contain an excess of lead over the eutectic ratio of 31 per cent, 
starting with 326° C. the melting-point of pure lead, and ending 
with 180°, the freezing-point of the eutectic. So, too, BC is the 
locus of the temperature at which the freezing of tin begins in 
case of all alloys of lead with tin containing less than 31 per cent 
of lead, or in other words containing an excess of tin over the 
eutectic ratio. The line aBc represents the temperature at which 
the eutectic freezes in each alloy.* 

42. Twofold Aspect of the V-Curves. — We saw in § 29, 
p. 33, tliat during selective freezing the mother-metal was at every 



• To make perfectly clear the relation between the freezing-point 
curve and the individual cooling curves, of the two freer ing-points of 
which it gives the loci, let us follow the cooling of some one alloy, say 
that of 55 per cent of lead, and hence with 24 per cent excess of lead over 
the eutectic ratio. Let us assume that the molten alloy has been first 
superheated above its melting-point, say lo 350°, G. Following ihe course 
of iis cooling along the line GHJK, it cools past 326", the freezing-point 
of lead, without undergoing any freeiing; the lead remains molten at a 
temperature below its own f reeling -point, because the new substance, the 
molwn solution, which its iniegration with the tin forms, has a lower 
Irceiing-point ; the tin dissolved in the lead lowers the f reeiing-point of 
thf lead. Only when the temperature falls 10 about 225° C. does any lead 
t>tgin lo freeze. As the temperature further falls from H to /, crystals of 
'o.i continue freezing out within the molten metal, while the mothcr- 
"■'tal, or part still remaining mollcn, thereby grows correspondingly and 
P'fgrcisively richer in tin and leaner in lead. This continues until the 
tflnpenture has reached 180°, when the molten mother-metal will have 
^One so far Impoverished in lead as only to contain 31 per cent of that 
■""al; in short, it will have reached simultaneously the freezing-point of 
"^ wicclic and the composition of the eutectic At this point further 
tooling is arrested by the heat liberated through the solidification of the 
^l«tic; and only when the whole of the mother-metal shall have froien, 
Ptlding (he well-known inters! ratified plates of the eutectic, only then 
*"" the temperature again bagin to fall. In this line then, GH corre- 
WniJs to the part AB of the cooling curve in Fig. 28D: Hf represents 
"^^ WccsS'freeztng period and corresponds lo BC; the point J represents 
'** iog CD, the eutectic- freezing period ; and IK represents the part DE. 
Tlw fact that the line aBe is horizontal represents the fact that the jog BD 
'"^ ih( same ordinate, L e.. that the eutectic freeies at one and the same 
'iDptraiiire, no matter what the initial percentage of lead and of tin in 
"i' molten alloy is. 
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instant at its then freezing-point; that as the temperature pro- 
gressively fell, so the composition of the mother-metal shifted 
through selection, in such a manner that its composition at any 
instant was that for which the freezing-point was the then exist- 
ing temperature. Now, since AB is the locus of the freezing- 
points for all different compositions between lead lOO and lead 
31 per cent, it follows that during this selective freezing it is also 
the locus of the temperature and composition of the mother-metal 
throughout selective freezing. Thus starting with a given com- 
position, say lead 55. tin 45, GK. Fig. 24, freezing begins at 225' 
(H), and as freezing proceeds, both the composition and the tem- 
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perature of the mother-metal are continuously represented by 
points on AB; or in other words the temperature and composition 
of the mother-metal slide along AB from H to B. 

The lines AB and BC then have a twofold meaning; for 
varying initial composition of the molten mass tliey are the loci 
of the temperature at which freezing begins : while for given 
initial composition they arc loci of the teniporaturc and composi- 
tion of the mother-metal during selective freezing. 

43. Proloxgatiox of the \'-CfBVF:s mcvoxn their .^pex. — 
In certain cases the V-branches AB and CB of the freezing-point 
curve have been traced beyond their intersection, as shown in 
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■F'g". 25, This has been done independently by Le Cbatelier, 

Oahns.t and Roberts- Austen. J Fig. 26 gives the cooUng cu: 

of the alloy of tin 64 per cent. lead 36, represented by the poiiiti 





Percentagre of Tin 

Fig. 15. Freeiitig-point Curve of Lead-tin Alloys. 
Roberta -A us ten, /Vuf. AVW Sit.. LXllI, p. 45*. 
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a, b and c in Fig. 25. The lettering on these two figures is made 
to correspond. 

This phenomenon we refer to snrfnsion. That surfusion 
should occur is iu agreement with what we have already seen in 
§ 30- P- 35- That the point if, at which it is arrested, should lack 
connection with the freezing-point curves, should in fact be a 
temperature taken at random, needs no explanation. That, once 
surfusion is arrested and freezing sets in, the heat liberated should 
raise_the temperature to the euteclic freezing-point, bf, is natural 
enough. But why does the retardation c come in the prolongation 
of the Une AB, i. e., why is it thus related to the normal freezing- 
point curve, and how comes it that these V-branches can thus be 
traced beyond their intersection ? The interpretation of such 
phenomena should be cautious; the following explanation is of- 
fered tentatively. 

Assume that in the molten state a solution of tin in lead 
is a different and distinct thing from a solution of lead in tin; 
witness the fact that in the freezing-point curve of the former, 
AB, instead of being a smooth prolongation of the freezing-point 
curve of the latter CB, instead of bdng joined to CB by means 
of a smoothly curved line, cuts CB sharply, as if the two lines 
AB and CB related to different bodies. 

Assume that these two molten solutions are soluble in each 
other, each in some sort preserving at least a potential existence, 
although thanks to the conditions of reciprocal solution, they 
cannot be separately detected, nor distingui.shed from each other. 

Assume that in the present case the molten alloy of tin 64 
lead 36 consisted of two distinct solutions, reciprocally dissolved, 
each solution dissolved in the other : 

Solution I, large in quantity, consisting of lead dissolved 
in tin in the ratio of 64 of the solvent (tin) to 36 of the solute 
(lead). 

Solution 2, small in quantity, consisting of tin dissolved in 
lead in the ratio of 36 of the solvent (lead) to 64 of the solute 
(tin). 

, The normal freezing-point of solution i is temperature a. 

The normal freezing-point of solution 2 is temperature c, 
in the direct continuation of the line AB. 

Assume that in normal freezing without surfusion, when, 
on cooling to temperature a, solution 1 begins to freeze, solution 3 
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is converted into solution i by contact with the soHd particles 
of solution I, somewhat as one of two allotropic modifications 
can be transformed into the other by contact with a crystal of 
that other. Hence the absence of any retardation at temperature 
c in normal freezing unaccompanied by surfusion. 

Assume that in the present surfusion it is simply solution i 
which suffuses ; that when the temperature falls to c, the freezing- 
point of solution 2, this naturally freezes out, causing the retarda- 
tion c in the cooling curve. The slightness of this retardation 
corresponds to the assumed small quantity of solution 2. 

Assume that, for whatever reason, so strong is the tendency 
of solution I to surfuse, that it persists unfrozen even through 
this freezing out of solution 2. 

Here then we iiave an explanation of the fact that the 
retardation c comes in the prolongation of AB, which is what 
we started out to explain. 

44- Other Critic.\e. Curves for Temperature and Com- 
position. — Digressing for a moment, let us notice that, just as 
the freezing-point curve shows the relation between the composi- 
tion of the alloy as a whole and the position of these two critical 
freezing-points, so on this same temperature-composition diagram 
we may show simultaneously various other critical matters. 

Thus, in § 98, p. 116, we shall see how the relation between 
intiperature and solvent power is shown by what are usually 
"^ed " critical curves," but are called in this work " saturation- 
point" cur>.-es. 

Again, in § 114, p. 135, we shall see how the course of 
election in freezing is expressed by the temperature-composition 
<^iines of the frozen part, on the assumption that diffusion has 
"■^de this part homogeneous. 

Finally, in § 121, p. 144, we shall see how the course of 
"Iwion in freezing is expressed by the temperature-composition 
*^fves of the layers in the act of freezing at each instant. 

From these cun-es themselves further inferences can be 
^^^vii\, can as it were be read on the diagram itself For instance, 
'romihe freezing-point curves we read also the course of selective 
"ftting as it is expressed in the composition of the remaining 
""Jlten mother-metal at each instant ; and the constitution of the 
"Wen mass, as related to the composition of the alloy as a 
*liole. Again, the saturation -point curves also teach this relation 
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between constitutioTi on one hand and temperature and com- 
position of the alloy as a whole on the other hand. 

By placing- two or more of these curves on the same diagram, 
we may see how these various critical matters are related to one 
another. 

To sum up, wc have 

(i) the freezing-point curves, 

{2) the saturation-point curves. 

(3) the temperature-composition curves of the frozen ] 

(4) tlie temperature-composition curves of the freezing 
lavcrs. 
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Gmhrie, P&U. Afag., j Ser, 1. p. 359, 1876. 

Let us now return from this digression to consider the first 
of these sets of curves, the freezing-point curves. 

45. Freezing-point Curve of Salt Water. — If, now, 
proceeding as we did in §§ 41 and 42 with the freezing-points of 
Ihe lead-lin alloys, we assemble as in Fig. 27 the freezing-points of 
all possible solutions of salt and water as shown in Figs. 7 to ii, 
p. 18, and plot them in a freezing-point cur\'e, we find that 
we get a curve of the same general family, the underscored V. 
One branch AB of the V represents the points at which the water 
begins freezing out from solutions containing an excess of water 
over the eutectic ratio of 23.6 per cent, and the other branch 
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BC represents the points at which salt begins freezing out or 
precipitating from solutions containing initially an excess of salt 
above the eutectic ratio. The horizontal branch or line aBc under- 
scoring the v. represents the freezing of the eutectic of 23.6 
per cent of salt and 76.4 per cent of ice. We see that we have 
an exact correspondence between the behavior of alloys of the lead- 
tin class in freezing and that of aqueous solutions, in the shape 
and meaning of the freezing-point curve, and in the constitution 
of the frozen mass. 

46. Cooling and Freezing-point Cl'bves Shown Simul- 
taneously. — Fig, 28, pp. 60, 61, represents an attempt to show- 
simultaneously the cooling and tlie freezing-point curves of the 
lead-tin series of alloys. First we have the cooling clirves-for vari- 
otis compositions, Figs. 28 A to 28 G, the several curves being so 
spaced apart that the horizontal position of the axis OA in each 
corresponds to the percentage of tin in the alloy to which the 

I curve applies. Suppose that we now pass a black tape through 
all the points B, and another through all the points C. Suppose 
that each cooling curve is hinged at its axis OA, and is now 
rotated 90" to the left, so that, instead of lying in the plane of 
the paper as in Figs. 28 A to 28 G, each curve stands out at 
an an^e as in Fig. 28 H. The two tapes now reproduce the 
fi«zing-point curve ABC and tiBc of Fig. 24, while the several 
cooling curves remain visible. 



CHAPTER IV: — CONSTITUTION OF BINARY ALLOYS 
WHICH FORM NO DEFINITE CHEMICAL COMPOUND 

47. Constitution to ke Expected in Certain Tvpic.\l 
Lases, — Let us next consider what constitution we should 
I wpect in certain typical cases, premising that this sort of forecast 
I '^y have to be modified considerably by later investigations. 
'" 'he present chapter we will for simplicity consider cases in 
which the two metals form no definite chemical compound with 
eacii other, and we will see how their constitution should be 
effected by the assumptions (i) that (when solid) they are 
wholly insoluble in each other. (2I that they arc reciprocally 
wluhle in all proportions, and '(3) that their reciprocal solubility, 
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while considerable, is limited. Each of these three assumptions 
refers to reciprocal solubility in the solid state. 

In the last of these cases, if there is present a very large 
quantity of either metal with a ver>- small quantity of the other, 
this small quantity dissolves in the larger one; but if the quan- 
tities of tile two are more nearly equal, then there may be 
more of each than the other can dissolve. 

48. If two Metals are Insoluble in Each Other when 
Solid, all their Alloys Should Be Eutectiferous. —The 
assumed complete insolubility of solid salt in solid ice, and of 
solid lead in ^olid tin, should cause all salt-ice, and all solid 
alloys of lead and tin, to be eutectiferous; in other words, if this 
insolubility were complete, then every salt-water solution and 
every lead-tin alloy when frozen would contain more or less of 
the eutectic, no matter how little salt the water initially con- 
tained, or how little lead the tin contained, or vice versa. 

49. Why Such a Series is Eutectiff.rous Throughout. 
— The reason for this is first that the selection in freezing ought 
to be rigid ; and second that rigid selection must eventually lead 
to the formation of a eutectic. no matter what the initial proportions 
of the two metals. 

For our reason for the rigidity of the selection, let us return 
to the explanation offered in § 21. p. 26, of the selectiveness 
of the freezing of a salt-water solution, and apply it to the 
freezing of molten alloys .of lead and tin. If we assume that 
these two metals are wholly insoluble in each other, and try 
to picture to ourselves that selection is not rigid, we find the 
idea unnatural, if not indeed untenable; so that rigid selection 
is what we naturally expect. For if in case, say of an alloy of 
much lead with little tin, selection were not rigid, so that a given 
minute layer in freezing out consisted not of lead alone but of 
lead with some tin, then the assumed complete insolubility of 
the two metals implies that the tin must be in distinct flakes, 
separate from the flakes of lead. But these flakes of tin certainly 
ought to redissolve and reenter the molten mother-metal, for 
the sufficient reason that the alloy which this reentry would 
cause would be fusible, i. e., could remain molten, at the existing 
temperature. And since tlie flakes of tin thus imaginarily de- 
posited would in the very act of forming be exposed to the 
molten mother-metal, their opportunity to redissolve would bS; 
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it favorable, and all of them ought to redissolve completely, 
that in effect only pure lead should permanently freeze, i. e., 
le selection in freezing should be rigid. 

The next following particles to freeze would for like reasons 
be pure tin-less lead, and this process of rigid selection and con- 
sequent extreme enrichment of the mother-metal in tin should 
continue. Should it continue indefinitely, eventually all the lead 
would have frozen out and only pure molten tin would be left, 
no matter how little tin were initially present. But as explained 
in § 29, p, 33, this selection ought of course to end when it has 
enriclied the niother-nietal up to the eutectic or most fusible 
ratio; once this ratio is reached no furtlier selection in freezing 
should occur, for the sufficient reason that no selection can 
yield a mother-metal of lower freezing-point. Hence when the 
nioiher-metal is enriched up to the most fusible or eutectic com- 
position, and simultaneously the temperature has fallen to the 
freezing-point of this eutectic and tends to descend below it, 
'he mother-metal now freezes unselectively into the eutectic. 
Hence, the rigidity of the selection causes the enrichment of the 
mother-metal to reach the eutectic ratio.. and this in turn causes 
the formation of a eutectic, no matter how little lead is initially 
present, and, by like reasoning, no matter how little tin is initially 
present, in short no matter what the initial composition, Q, E. D. 

50. Why this El'tectic is Composite. — The eutectic 
should be composite for the same reason as in the case of salt 
water (§ 31, p. 38). The assumed insolubility of solid lead and 
wlid tin in each other implies that each of these in the solid 
*Wle must be free from the other, and hence that the particles 
*hich each forms must be distinct from those in which the other 

51, Series of Alloys Rarely Eutectiferous Through- 
'Wt. — Here let us note that those series of alloys which are 
apparently of the first type, that which is eutectiferous through- 
*""! may on further examination prove to be of the third or 
pafllj eutectiferous type. For that a series should be eutectiferous 
throughout implies absolute reciprocal insolubility of its com- 
ponent metals. We may doubt whether this often occurs. It 
Improbable that in most cases there is at least a slight reciprocal 
sdubility. so that a short space at each end of the series is non- 
wtfctiferous. The wholly eutectiferous type, then, is one which 
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is approached, but probably rarely reached. The salt-water and 
the tin-lead cases were assumed to be of this type, to help explain 
the general features of the constitution of alloys.* 

52, If two Met.als Are Soluble in Each Other when 
Solid, some or even all of their Alloys Should Be Non- 
EuTECTi FERGUS. — We have now seen that, if two metals when 
solid are absolutely insoluble in each other, all of their alloys 
should be composed (i) of the eutectic and (2) of the excess- 
metal, I. f., of the metal present in excess over the eutectic ratio. 
But the case will be very different if the metals are soluble in 
each other when solid. Let us consider two cases, that of the 
silver-gold alloys, two metals which even when solid dissolve 
in each other in all proportions, and that of the bismuth-lin 
alloys, metals each of which can dissolve a limited but still a 
very considerable quantity of the other when solid. 

53, Six Features of the Genesis and Constitution of 
WHOLLV Non-eutectiferol's Sebif^ : Silver-gold Type. — If 
two metals are soluble in each other in all proportions when solid, 

( 1 ) their freezing is indeed selective, but 

(2) the selection is not rigid, i.e., the layers which freeze 
out instead of being,- as in the lead-tin case, the excess or solvent 
metal wholly free from the deficit or dissolved metal, are an 
alloy of the two metals, but richer in the excess-metal than the 
initial molten mass was : so that as freezing proceeds, though 
the mother-metal indeed becomes progressively enriched in the 
dissolved metal, yet that enrichment is not extreme, as it was 
in the lead-tin case. 



•The quasi-alloys of iron with carbon indeed present two cases in 
which the insolubility appears lo be complete. The first of these is the 
graphite or "kish," the excess- substance in cast iron containing more than 
4.30 per cent of carbon. Its freedom from iron is certainly nearly and 
perhaps quite complete. (See Fig, 68. Compare also Percy. "Iron and 
Steel,". p. 311. Dr. Percy indeed found evidences that this kish contained 
silicon, but his failure to record the presence of iron goes to show thM 
none was present, to judge from his habits. See also " Principles of the 
Manufacture of Iron and Steel." Bell. p. 156.) The other case is that 
of ihe iron which separates out as ferrite from the austenite of slowb' 
cooling steel, in passing through the critical range. This appears to be 
wholly free from carbon. {Fifth Rept. .-iihys Ri-scarch Committee, p. 5a) 
But more delicate observations are needed 10 establish firmly the com- 
pleteness of insolubility even in these cases. 1 
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(3I as the mot her- metal becomes progressively enriched in 
the deficit or dissolved metal, so the layers which freeze out 
irom it are successively richer and richer in tlie dissolved metal. 

(4) while one alloy of the series is strictly speaking a eu- 

(5) it is not composite, and 

(6) all the other alloys of the series are non-eiitectiferoiis, 
[b the sense of bring free from a composite eutectic of the usual 

Of these six facts, the fourth is a direct consequence of our 
'klinition of a eutectic, and the others are natural consequences 
of our conditions, as will shortly be explained. 



Reasons for this Genesis and Constitution 



54. Freiizing Selective, cut the Setxction Should not 
Be RjGiD. — Taking up the first two of our six facts, let us con- 
sider the case of an alloy of 60 per cent of gold and 40 per cent 
"f silver, premising that pure silver is apparently more fusible 
'han any of its alloys with gold, and thai the freezing-point 
'Iwcends coniinuoiisly as the percentage of silver increases from 
oto 100. (Fig. 29, p. 67.) 

First, if freezing is to be selective, in which direction should 
the selection be? Here we must look upon gold as the excess- 
""Jtal, because there is more gold than that which corresponds 
'1 ihc eutectic ratio, which really is silver 100. gold o. (See 
> 5f>. p. 66, J Hence if there is any selection, it should be that 
the layers freezing out are richer in gold, the excess-metal, than 
'he initial mother-metal is. 

Next, if we ask whether this selection should or should not 
<^ciir, we see that we have the same reason as in our salt-water 
'^ (§ 21, p. 26) why it should, I'l.:., that if we conceive that 
" does not, but that the first deposited flake is of the 60 : 40 
fatm, its silver should tend to redissolve and reenter the molten 
niirther-metal, because the alloy which that reentry would create 
*ou|(l contain more than 40 per cent of silver, and would there- 
f he fusible and remain molten at the existing temperature, 

fi by assumption is at the freezing-point of a 40:60 silver- 
"lecause every increase of silver lowers the meltii 



i'teel, ana other t 



Hoys 



point of silver-gold alloys. In short the conception of unselective 
freezing is unnattira!, so that selection is what we naturally 
expect. 

But we should not expect selection to be rigid in the sense 

that the whole of the silver would reraelt and reenter the mother- 
metal, so that in effect only pure gold should freeze, because that 
renielting and reentry is opposed by the mild force which in any 
given frozen flake holds together the two metals, tlie solvent 
and the solute. Therefore it is natural that the struggle between 
the tendency of the silver to remeh and reenter the niolten 
mother-metal, and the bond between the two metals in that flake 
holding them together and opposing the removal of the silver 
from the gold, should result in a compromise: we should expect 
part of the silver to remelt afid part to remain frozen, so that, 
while freezing should be selective, the selection should not be 
rigid, which is what we set out to explain. 

55. These Ri;asons Continued: Heterogeneousness of 
Solid Solutions. — To say that freezing is selective is to say 
that the mother-metal becomes progressivelv enriched in stiver 
as freezing proceeds. That this progressive enrichment should 
be accompanied by a corresponding enrichment of the layers 
which freeze out so that each layer is richer in silver than the 
preceding, is so natural that no explanation is required. 

But to assert this progressive enrichment of the successive 
layers is equivalent to saying that the solid solution as deposited 
is initially heterogeneous. Diffusion of course tends to efface 
this heterogeneousness, Tn § 86, p. loi, we will consider whether 
this effacement ought to be complete, or whether a remnant of 
this initial heterogeneousness ought to persist, 

56, OxE Member of the Series a Eutectic, — In any 
such series there must indeed be one alloy which is more fusible 
than any of the others; and this, following Guthrie's definition, 
is a eutectic. As silver appears to be more tiisihle than any of 
its alloys with gold, so in a sense it is the eutectic of the silver- 
gold series ; and there is no break in the rise of the freezing- 
point as we pass through the series from pure silver to pure 
gold (Fig, 29), But in other series of alloys of two metals 
reciprocally soluble in all proportions at and even below their 
freezing-points, some one alloy miglit be more fusible not only 
than all the others but than cither component metal, as in tfie 
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case of mercuric bromide and iodide, Fig. 44, p. 1 18. Such an 
alloy would be the eutectic of the series. 

57. That Eutectic Not Composite, — But this eutectic 
would be a solid solution, instead of consisting of interstratified 
plates of two distinct substances as in the salt-water and lead-tin 
cases. The reason is obvious. The reason why the salt-water 
and the lead-tin mother-metals froze on reaching the eutectic 
enrichment, was that they simultaneously reached the freezing- 
point of the eutectic, the lowest" freezing-point of the series; 
freezing should not be deferred by further enrichment, because 
Hiuch enrichment would only raise the freezing-point. But the 
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«ason why the eutectic on freezing splits up into alternate plates 
of ice and salt, lead and tin, was a different one: it was that 
Mch substance when solid is insoluble in the other. Now this 
letter reason does not apply to our gold-silver type of alloys. 
"■^ their metals are soluble in each other in all proportions, 
^ no matter to what composition the eutectic corresponds, there 
IS no reason why it should in freezing split up into different 
'*Jers. So the absence of the composite structtire from the 
liasi^tHectic alloy of the series is a natural consequence of the 
complete reciprocal solubility of the two metals. 
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58. TiiE Other Alloys of the Series Non-eittectifebous. 
That no composite eutcctic should form in any alloy of the series 
is in accordance with the reasoning in the last section. 

But it appears that not even a non-composite eutectic forms, 
i. c, that enrichment of the mother-metal does not proceed so 
rapidly as to bring any finite quantity of the mother-metal to 
the most fusible, 1. c, eutectic composition ; so that no finite 
quantity of even the non-composite or quasi-eutectic forms. 
While further observations are needed to estabhsh this as a 
general law, it would not be an unnatural one. Complete reciprocal 
insolubility of two metals forces selection to be rigid and the 
enrichment of the mother-metal to be extreme. But when two 
metals dissolve in each other without limit, it would not be 
unnatural that, as through the enrichment due to selective freez- 
ing the composition of the motlier-metal approaches the eutectic 
ratio, the selection should become milder and milder, so that 
that approach should be asymptotic. 

Further, however this may be, even if the enrichment of the 
later-frozen layers should bring them up to the eutectic ratio, 
diffusion into the poorer layers earlier deposited should tend to 
impoverish them below that ratio. 

59. Shape of the Cooling Curvk. — The cooling curve 
for alloys of this class should be like that of Fig. 30. This 
resembles those of the eutectiferous alloys and of salt-water in 
having a rounded selective- freezing part BC, but it differs from 
them in lacking the eutectic-freezing part or jog CD. 

60. If the Reciprocal Solubility of two Metals whem 
Solid is Limited, the Series of their Alixjys Should be 
Eutectiferous im the Middle but not at its Ends, and the 
Eutectic Should be Composite. — Tin when solid can dissolve 
a considerable proportion of bismuth, and conversely bismuth 
can thus dissolve tin.* Thus if there is present in the alloy as 
a whole a large proportion of tin and only a small proportion 
of bismuth, that bismuth can remain dissolved in the thi even 
after the whole has frozen. Conversely, if there is present in 
the alloy as a whole a large proportion of bismuth and only a 
small proportion of tin, that tin can remain dissolved in the 

•A. W. Kapp. -AmtaUn der Pliyiik. 4lli Set., vol. VI, pp. 754-773, 
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Ci after the alloy has frozen. But there is the inter- 
lilion, in which there is more bismtith than the tiii 
present can dissolve, yet not enough bismuth to act as the solvent 
and dissolve the whole of the tin. Under these conditions the 
p,aIloy should be eutectiferous and its eutectic should be com- 
The reasons for this have really been given already, but 
ttej' may come out more clearly if we consider an individual case. 
First we have the same reason as with tlie previous types 
(J§ 21, 49 and 54) why freezing should be selective, why as the 
szing, c. g., of an alloy of tin with a small quantity of bis- 
"muih, progresses, the mother-metal should become progressively 
enriched in bismuth, and the layers which successively freeze out 
should correspondingly become richer and richer in bismuth. 
Each layer should be richer in bismuth than the preceding layer. 
although each layer is poorer in bismuth than the then existing 
mother-metal. Now, should this enrichment of the mother-metal 
he so slight that even when its last particle freezes, it shall not 
contain more bismuth than the tin is able to retain dissolved when 
solid (say .V per cent of bismuth), no composite eutectic should 
form: the enrichment should be continuous: there will be no 
reason why even the last frozen flake of the alloy should in 
freezing break up into a composite mass. Such is the state of 
affairs that we might expect if the initial quantity of bismuth 
dissolved in our tin is extremely small. 

Suppose, however, that our initial molten tin contains a 
greater quantity of bismuth, so that a considerable quantity of 
""frozen mothfr-metal shall still remain at the time when the 
composition of the layers in the act of freezing shall have reached 
ihis jV per cent of bismuth. Up to this time each layer which 
"s* frozen has been richer in bismuth than the preceding one, 
simply because it has frozen out of a mother-metal richer in 
"sinuili than that from which the preceding layer froze. In 
other words, the progressive enrichment in bismuth of the 
mother-metal has led to a progressive enrichment in bismuth of 
■"f successive layers : and this latter in turn has retarded the 
^'I'lehment of the mother-metal, which has been gradual, instead 
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■ salt-water and lead-tin types of as- 



i complete insolubility, 

61. SCBSATUR-VTrON AND SATURATION DIVISIONS OF THE 

i^CEss-FREEziNC Period. — But at this point, when the tin which 
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freezes is just saturated with bismuth, the enrichment of the 
successive Jayers should cease; the layers henceforth deposited 
should be simply tin saturated with jV per cent of bismuth; and 
the cessation of this enrichment should accelerate the enrichment 
of the mother-metal. The excess-freezing period may therefore 
be divided into two parts, the earlier in which the layers freezing 
out are unsaturated, and the later in which they are saturated, with 
bismuth. {See footnote to § 124, p. 147.) 

62. Shape of the Cooling Curve. — The cooling curve of 
a tin-bismuth alloy rich in tin, i, e., of a bismuth -bearing tin, 
should be of the type of Fig. 31 or of Fig. 30, according to 
whether it does or does not contain so much bismuth that the layers 
of tin freezing out become saturated with bismuth before the 
whole of the mother-metal has frozen. In Fig. 31, BB' represents 
the subsaturation and B'C the saturation division of the freezing 
of the bismuth-bearing tin, the excess-metal. It remains to be 
detennined whether or no the two portions, BB' and B'C of the 
ciiri-e fit each other tangentially, so that no critical point is visible. 
That such a critical point has not been observed may be due to 
our not looking for it. 

63. MiCROSTRucTURE. — The sort of microstructure which 
would naturally result from the course of freezing, such as the 
cooling curve of Fig. 31 depicts, is that shown in Fig. 32, p. 72, 
a micrograph of a copper-tin alloy. In point of fact the actual 
constitution of this particular alloy has been disputed; and it is 
not necessarj' for our present purpose to decide as to what this 
constitution truly is. But we may reproduce this photograph 
for the purpose of showing simply what sort of microstructure 
ought to result from the course of freezing just depicted, ad- 
mitting that this same structure might also result from other 
courses of freezing, and may have done so in this case. 

The dark nuclei AAA are such as the excess-metal should 
form, freezing in the subsaturation period BB' of Fig, 31 ; the 
lighter bands BBB are such bands of the saturated alloy as should 
deposit in the period B'C of Fig. 31 ; and the skeletons CC are 
such shapes as the eutectic might \*ield when freezing in period 
CD of Fig. 31. The gradual shading off between layers A and B 
of Fig. 32 is somewhat such a shading as should residt from the 
progressive enrichment of the layers deposited during the sub- 
saturation division BB'. 
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^M 64. If the Lavers Freezing Out Reach the Satlration- 

^M POINT BEFORE ALL THE MoTHER-METAL IS FROZEN, A ElITECTIC 

^H Should Form. — We have seen the general principle that the 

^H mother-metal at anv given instant during selective freezing is 

^H richer in the dissolved metal (bismuth in our presem case of 

^H bismuth-bearing tin) than the layers which are at that instant 

^H freezing out of it. Il is in accordance with this principle that 

^M at the beginning of the saturation division when the bismuth in 

^M these layers reaches A' per cent, the bismuth in the mother-metal 

^^ must be more than A' per cent of that mother-metal, say N -i-H 

^M per cent of it. 




a^a 



fig. 3s. Coppei-tin Alloy, with Copper 90 pet cenl 

Charpy, ffii/l. Sac. d" Eueeuragipttiil, 5th Ser., Tl, 

Also The htilallirgrafhiit, 1, 



per MMi.a 

406. Y\%. s 

96, Kig. 17. 



Quite as in all other cases, freezing should continue until th« 
enrichment of the mother-metal in bismuth reaches the euteclic 
ratio. There may be but little further freezing before this enrich- 
ment is reached, or there may be much : but be there little or 
much, it is clear that the removal of layers containing only JV 
per cent of bismuth from a mother-metal containing .V -f- it per 
cent, can never by any possibility remove the bismuth represented 
bv this n per cent of the mother-metal at the time when the 
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Eof these \' per cent bearing layers began. At least this 
, ,,nt of bismuth will be present at the time of reaching 

the «iitectic composition, no matter how much or how little freez- 

»"gr out of N per cent layers occurs meanwhile. And as that 

Tiotlier-metal in freezing should, as in all previous cases, split up 

•^^to the eutectic. some eutectic should (normally) form in any 

^^3^*^ in which the layers freezing out reach the saturation- point 

^ '*^ft>re the whole of the mother-metal has frozen. 

^^ 65. Th.\t El'tectic Should Be Composite. — The eutectic 

^P"Oiild be composite for the same reason as in the cases of salt- 

M ■Water and lead-tin (§§ 31. p, 38; and 50, p. 63). We have seen 

*^at the progressive enrichment in bismuth of the layers freezing 

*^wt will continue until they become saturated with bismuth, con- 

^3>ning .V per cent; that the mother-meta! will then contain more 

than this, and will during the ensuing freezing and its passage 

towards the eutectic ratio become still farther enriched in bis- 

"'uih, in short, that the eutectic ratio corresponds to more than 

■'* per cent of bismuth. But as solid tin can (in equilibrium) 

<^ontain only iV per cent, when this eutectic freezes its excess of 

'^'srmith over N per cent cannot remain dissolved in its tin, but 

""tist separate out (if e(|uilibrium is reached). Our eutectic then 

should consist of particles of tin saturated with bismuth, and 

*^her particles of bismuth, which as we shall see in §§ 69 to 74, 

PP- 75 to 84, for like reasons should be saturated with tiii. 

66. The Satub-ATIon Division. — It has just been said that, 
'luring the saturation division (B'C, Fig. 31), the layers which 
■''eeze out are simply tin saturated with bismuth. That this is the 
"^tural course of events we see on trying to imagine the only alter- 
native which suggests itself, vie. that the layers consist of distinct 
•I^Wes of such saturated bismuth-bearing tin. and other distinct 
flakes of bismuth either pure or stanniferous. 

That such a mixture of solid flakes of saturated bismuth- 
"^aring tin and other solid flakes of bismuth should arise in case 
Ihe layers deposited contained more bismuth than their tin was 
capable of dissolving or retaining dissolved, might easily be con- 
"^Ved. For a given flake finding itself Incoming supersaturated 
*'"h bismuth as it is in the act of solidifying, would expel this 
^'^'^ess, and we can conceive that the effect of this expulsion would 
I ^ that this f iake would break up into ( i ) a little flakelet of tin just 
saturated with N per cent of bismuth, and (2) a verj- little flake- 
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let of bismuth (which as we shall soon see would be just saturated 
with tin). But e%'en if we form this conception, we see that the 
natural course of events would be that such bismuth flakelets 
should immediately redissotve, for the same reason as in the case of 
salt-water and lead-tin (§§ 21, p. 26; and 49, p. 62), vi::., that their 
reentrj' into the mother-metal would leave it fusible at the existing 
temperature. 

The remelting and reentry of such flakes into the mother- 
metal should not be opposed by even the mild force which we saw 
in the silver-gold alloys {§ 54, p. 65) should oppose complete re- 
melting, because in our present case the reentry of the whole of 
the flake would still leave the mother-metal fusible at the existing 
temperature; whereas in the silver-gold alloys the reentry of the 
whole flake would make the mother-metal infusible. In the silver- 
gold case we saw that there should be a struggle between the 
tendency of the silver to remclt and enter the still molten mother- 
metal on one hand, and the bond between the silver and gold of 
the flake which should oppose this removal of the silver from the 
embrace of the gold on the other hand ; and we further saw that 
this struggle might well result in a compromise, so that part of the 
silver should rcmelt and part remain frozen. But in our present 
case the reentry of the whole flake of stanniferous bismuth into 
the molten mother-metal would not render that mother-metal 
infusible at the existing temperature, so that we should expect the 
flake to remelt as a whole, and therefore without encountering any 
opposition from even the mild force which holds tt^ther its 
bismuth and its tin, 

67, Freezing-point Curve of such Alloys. — The freez- 
ing-point curve of these alloys of metals of limited mutual solu- 
bility is of the family shown in Fig. 33. Here, as in Figs. 24 and 
27 we have the V-shaped branches and the horizontal or euteclic 
line underscoring the V, and the meaning of each is the same as 
before. But the fact that when but a small quantity of the solute 
metal is present, ('. e., when the cxcess-metal is in great excess, no 
eutectic forms, in short that the series is eutectiferous in the middle 
but not at the ends, is reflected by the fact that the eutectic line 
aBc does not extend completely across the diagram. 

68. Boundaries of the Eutectiferous Range. — The or- 
dinates passing through a and c are the boimdaries of ihe eutec- 
tiferous range. Any given bismuth-tin alloy containing less than 
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' a per cent of bismuth will, when its solidification is complete, 
be simply a solid solution of bismuth in tin ; any with more than 
•■percent of bismuth will be a solid solution of tin in bismuth: 
bul any containing between a and c per cent will be eutectiferous. 
If it is between a and B, i. e., if tin is the solvent or excess and bis- 
miith the dissolved metal, the alloy will be a conglomerate con- 
sisting first of bismuth-bearing tin, i. c, of a solid solution of 
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Fig. 3j. Freeiing-poini Curve of the Bismmh-tin Alloys. 
W. Kapp, AnnaUn dir Physik, 4th Ser., VI, pp. 7S+-77i. IpQi.) 



In a leriex of direct expenmenta in which chemically pure bismuth and 
■in «re melted in various proporliooa in magnesia crucibles under cyanide 
111 pouuiuni I determined the apparent boundaries of the eutectiferous range as 
i«l(rten 9.5 and 10 per cent of bismuth at the tin end and between 1 and 1,5 
P" ceni of lin at the bismulh end. That is to say with the larger percentage 
'" U(h case a minute quantity of eulectic was visible under the microscope. 
^°> *tlh the smaller percentage none could be seen. The structure was de- 
"wpcd in each case by etching with dilute nitric acid. The manipulations of 
"it tuaiont. lU.. were performed by Mr. Irving C. Bull. The boundaries given 
'"%■ 33 are those thus found, and are not given by Kapp. 

The tesulta agree substantially with unpublished ones obtained by William 
^""pMl. Esq. 

Distniith in tin. formed during the excess-freezing period; and 
Second of the eutectic; if it contains between B and c per cent of 
'*ismiitli, it will be a conglomerate consisting first of a solid solu- 
I ™i of tin in bismuth, and second of the eutectic. 

69, Meaning and General Conditions of Equilibrium. 
—Our next inquiry should be as to the nature of the two compo- 
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nents of the eutectic, still considering the case of bismuth -bearing 
tin to fix our ideas. In § 65, p. y^. we have already seen reason ti 
suppose that the tin flakes in this eiitectic ought to be saturate! 
with bismuth ; our next question is as to whether the flakes o 
bismuth which accompany it should or should not be saturate 
with tin. But before attempting to answer this question it will b 
well to consider the general conditions oi equilibrium for siici 
cases. 

But what do we mean by equilibrium? We here mean fir; 
that no metal is supersaturated with another, for so long as sue 
siipersatu ration exists the supersaturated metal tends to expt 
from itself the excess of the metal which is dissolved in it;-an 
as long as any such tendency remains unfulfilled and urgent to ful 
fil itself, equilibrium does not exist. Equilibrium, in this regart 
then, means the absence or complete effacement of anj- sue 
tendency. 

We mean, second, that no tendency to diffusion exists. If w 
put a layer of wine upon a layer of water, each tends to diffus 
into the other. Just as connecting bodies of water always seek t 
reduce themselves to a common level, so the wine and the watc 
tend ever to reduce themselves to a common composition, uniforr 
throughout the mass, by means of diffusion. If there is mor 
wine in part of the mass than in another, this excess tends to spreai 
itself out into the poorer parts exactly as the crest of a wave tend 
to flatten itself down and fill the trough. Let us recognize clear! 
this fundamental principle of diffusion. Just as equilibrimn is nc 
reached until crests and trougiis are both completely obliteratec 
and the surface of the water is a dead level, so in case of our win 
and water, equilibrium is not reached until the tendency to dif 
fusion has completely effaced itself, i. e., until the wine and th 
water have become one single liquid, homogeneous throughout. I 
the same way, if we put solid pure gold against solid pure silvei 
each tends to diffuse into and to dissolve in the other in the fort 
of a solid solution. At the room- temperature this tendency i 
obeyed only very sluggishly : but as the temperature rises toward 
the melting-point and the molecular mobility increases, so does th 
rate of diffusion. And, as we are now considering chiefly th 
tendencies in alloys shortly below their melting-points, this ten 
dency to diffusion is an important one. It is one of the thing 
which governs the way in which the two metals in the solid alio 
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^^grouf themselves together, whether into saturated or unsaturated 
^'- or supersaturated solutions of one in the other. 

So long as any relic of this tendency to diffusion remains, 
urgent to fulfil itself, equilibrium cannot exist. It is arrived at 
only when this tendency has completely effaced itself by tlie com- 
plete diffusion of the gold and the silver inio each other, so that 
the -whole mass has become a perfectly uniform solid solution of 
one metal in the other. 

By equilibrium we here mean the complete absence of any 
unbalanced tendency to change through diffusion. 

The cases which we have just considered are simple, tKrcause 
the wine and the water are soluble without linrit in eacli other, 
and so are the gold and silver in each other. Having by these 
^—illustrations shown what we mean by equilibrium, our next task is 
^^fcto see what the corresponding conditions for equilibrium are for 
^^■two metals like hismutb and tin, which are soluble in each other 
^* only within certain limits. 

70. Equilibrium in a Solid Bimary Alloy, if the Re- 

ciPBocAL Solubility of the Component Metals is Limited. 

GEffEiUL Assumptions. — In order to fix our ideas in this dis- 

cussbn let us assume the case of two metals, A and B, each capable 

at the temperature under consideration of dissolving 25 per cent of 

^_ theother. Underthese conditions, for the different jxjssible ranges 

^^ta 0^ composition, the constitution of any given lot of an alloy of these 

^H two metals, if that lot is uniform throughout, will be as follows: 

Table i 




ret a 



CONSTITUTION 



to 75.1 Uosal lira led solution of .^ in ^ 

Saturated solution of .-I in S 
4-9 10 35.1 I To be determined by our presem 

15 I Saturated solution of * in ^ 

24.9 to o Unsaluraled solution of £' in .-{ 



Let US further assume that the molecular weight of these two 
"Wtals is alike. Let us consider first in g 71. p. 78 the case 
(land 2 in Table 1). in which there is enough of metal B present 
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in thf whole alloy to dissolve the whole of metal A which is 
present, if only metal B could get at metal A to dissolve it, i.e., 
that the alloy as a whole contains not more than 25 per cent of 
metal A. and hence not less than 75 per cent of metal B. 

Clearly what would be true of this case would be equally true, 
mutatis mutandis, with alloys containing not more than 25 per 
cent of metal B and not less than 75 per cent of metal A (4 and 5 in 
Table 1}. 

Let us then, in § 72, p. 79. go on to consider No. 3 of Tabic i, 
the case in which there is more of metal B present in the whole 
alloy than the whole of metal A could dissolve even if it could get 
at it, and at the same time more of metal A than the whole of metal 
B present could dissolve even if it could get at it. The fonner 
feature implies that there is more than 25 per cent of metal B, 
the latter that there is more than 25 per cent of metal A ; in short 
that there is of each metal somewhere between 25 and 75 per cent, 
What is true of any one percentage within this range must be true 
of everj- other, mutatis mutandis. 

71. Cases i and 2, Metal B is Theoretically Capable of 
Dissolving the Whole of Metal A Present, when Both Are 
Solid. — The condition for equilibrium in this case is that the 
whole of one metal should dissolve in the other to form a homo- 
geneous solid solution. To any to whom this proposition is not 
self-evident, the following cases will probably make it clear. 

On one hand, if the two metals did form such a homogeneous 
sohd solution, whether saturated or not. no tendency to diffusion is 
conceivable. Hence equilibrium would exist. 

On the other hand, if they formed a heterogeneous solid so- 
lution, diffusion would tend to efface this heterogeneousness, and 
the excess present in the richer parts would tend to diffuse out 
into the poorer parts, exactly as water tends to seek a common 
level, and because this unsatisfied tendency existed, equilibrium 
could not exist. It would not he reached imtil the mass through 
diffusion became homogeneous, and this would be true whether 
the initial heterogeneous solution was unsaturated throughout, 
or whether part of it was saturated and part unsaturated. 

That this latter would be tme is evident on the least reflection. 
Surely, if a lump of salt is immersed in an unsaturated solution of 
salt in waler, ihis salt will dissolve and hence will diffuse into the 
surrounding unsaturated solution. Clearly, too, if we set a 



Iron, Steel, and other Alloys 



79 



^^■la\-er of pure water upon a layer of water saturated with salt, 
^* the salt of the latter will diffuse into the water. And if it would 
thus diffuse into pure water, it would for the same reason dif- 
fuse into water containing salt, but unsaturated with salt. And 
if in such a case this tendency to diffusion would thus assert 
itself, it would exist and would tend to assert itself between 
adjacent parts of an alloy of two metals, if one of those parts 
^vas saturated and the other unsaturated. And as long as such 
tendency remained, equilibrium would not exist. 

Let us then recognize clearly that an uusaturated solution of 

IOy metal A in any other metal S cannot be in equilibrium with 
• saturated solution of that metal A in that metal B; for in- 
ftance that saturated and unsaturated bismuth-bearing tin cannot 
It in equilibrium with each other, for part of the bismuth of the 
toturated tin would tend to diffuse out into the unsaturated tin. 
72, Case 3, Theke is more of each Metal present than 
TtiE OTHER Metal is Theoretically Capable of Dissolving. 
~The condition for equilibrium in this case is tliat the alloy 
lifcaks up into a mechanical mixture or conglomerate of distinct 
psrticles, of which some are a saturated solution of metal A in 
nictal 6, and the others arc a saturated solution of B in A. 
I'nder the present assumptions that the solubility of these two 
"letals in each other is the same, if the alloy as a whole contains 
)Ust 50 per cent of each metal, then it will consist of a mixture 
, <*f equal parts of (i) metal A saturated with metal B, and 

(2) metal B saturated with metal A. 

If, however, the alloy as a whole contains only very little 
""re of metal A than metal B can dissolve, so that it comes near 
'" case 2 of Table i , then this small excess of metal A will give 
"^ to only a small quantity of A saturated with B, and the 
Pwter part of the conglomerate will be particles of B saturated 

In order to satisfy ourselves that the law stated in the first 

"fence of the present section is true, let us first assume in 

5 ?3, p. 80 that the two metals in the alloy do distribute them- 

' Selves in this way. and see whether this arrangement promises 

I "1 be stable, i. e., that of equilibrium. Let us then assume that 

I thty distribute themselves in some other way, and inquire in 

hirn whether this arrangement is that of equilibrium. And, for 

sinipjicity, let us throughout this discussion assume that the alloy 
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as a whole contains 50 per cent of each metal and that as before 
each is theoretically capable of dissolving 25 per cent of the 
other. 

73. If the two Solutions are Saturated, the System 
IS IN Equilibrium. — For simplicity let us assume that we are 
dealing with an extremely minute quantity of our alloy, only 200 
molecules, all told; that there are 100 molecules of metal A and 
100 of metal B ; and that these actually have grouped themselves 
in two masses, each a saturated solution of one metal in the 
other. Our constitution then would be 



Grouping i 



MASS I MASS 2 



Per cent, oi A 75 25 

Per cent, oi B 25 75 

100 100 

In mass i, ^ is the solvent and B the dissolved or solute 
metal; in mass 2, B is the solvent and A the dissolved metal. 

Clearly no entrv of the solvent or excess-metal from one mass 
into the other can occur, as we see on trying to suppose that it 
did occur. Suppose that from mass i, 5 molecules of metal A 
transferred themselves to mass 2. This would leave in mass i 
70 X 100 -f- (70 + 25) = 73.68 per cent of A, and 25 X IOO-4- 
(70 + 25) = 26.32 per cent of B ; this condition is not of equilib- 
rium, because it would supersaturate A with 5, of which by as- 
sumption § 70, p. yjy 25 per cent suffices to saturate A, At the 
same time mass 2 would have been supersaturated with A, for it 
would contain 30 X 100 -f- (30 + 75) = 28.57 per cent of A. 
This supersaturation is a second element of instability or a second 
case of lack of equilibrium. So neither mass would be in 
equili])rium. 

Let us now suppose that instead of the solvent metal A, it is 
the dissolved or solute metal B^ which changes from mass i to mass 
2, and that 5 molecules of it thus transfer themselves. In this 
case the two masses will contain : 
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Grouping 2 



" 7».9S 



= J3S1 



o-rVs =''■'» 



tills case mass i consists of metal A unsaturated with metal B, 
wi mass 2 consists of metal B unsaturated with metal A, because 
each contains less than 25 per cent, the saturation limit, of the dis- 
solved metal. But this is not a condition of equilibrium, as we 
I shall now see. 
For if we had molten pure metal A and molten pure metal B 
in contact with each other, we should certainly expect each to 
i,diffuse into the other, and to continue diffusing imtil one or the 
CWher was saturated, or until diffusion and imion were complete. 
• Now for exactly this same reason, since each of these two masses 
I •" grouping 2 consists of a given metal unsaturated with the 
'^Iwr, mass i containing more A than the B in it saturates or 
satisfies, and mass 2 containing more B than its A saturates, we 
should no,tura!ly expect the unsaturated or unsatisfied excess of 
■^ in 1 to diffuse across into 2, and the excess of B in 2 to dif- 
fuse across into i. We should expect that this would go on 
iintil saturation was reached, which would clearly be when our 
•^figinal condition of grouping i was reached, that is, when mass 1 
^witained 75 per cent of A and 25 of B, and mass 2 contained 
25 per cent of A and 75 of B. 

In short, the ratio 75 125 in each mass is the only one to be 
*tpected, ( I ) because a lower ratio implies supcrsaturation, and 
(2) because a higher ratio ought to lead to diffusion of the 
*xt«ss or unsatisfied part of the solvent or 75 per cent metal of 
rach mass into the other, until the 75 125 ratio was reached. 
The change by diffusion from grouping 2 to grouping i, 
[ so as to saturate each metal with the other, was easy to understand 
I Iwause each metal was assumed to be initially unsaturated, so that 
I Iranjfer in both directions could take place simultaneously. Sup- 
pose, however, that our 100 molecules of each metal grouped them- 
' selves initially in three separate masses as follows : 
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Grouping j 



MASS I 1 


MASS 2 


MASS 3 




Molecules 


Per cent 


Molecules 


Per cent 


Molecules 


Per cent 


Metal A 


90 


75 


10 


25 








Metals 


30 


25 


30 


75 


40 


100 


1 


t 


100 




100 




100 



But the grouping is evidently not that of equilibrium. Clearly the 
first thing which would happen would be that masses 2 and 3 
would unite by diffusion, and our two masses then would be 



Grouping 4 



MASS I 


MASS 2 


Metal A 
Metal B 


Molecules 

90 

30 


Per cent 

75 
25 


Molecules 

1 
1 

10 
30 + 40 = 70 


Per cent 

12.5 

87.5 



This instability of masses 2 and 3 of grouping 3 in presence 
of each other clearly follows from the general law which we saw 
in § 71, p. 78, that a saturated and unsaturated solution of any 
metal A in another metal B cannot be in equilibrium. 

When we come to study the phase rule, we shall further see 
that the instability of grouping 3 is simply an instance of the 
general law, that no system containing only two constituents (in 
this case two chemical elements) can be in equilibrium (except at 
a single temperature) if it has more than two " phases,^' t. e,, dis- 
tinct kinds of masses or entities, in this case two distinct solutions 
and one free element. 

Having thus seen that grouping 3 is not that of equilibrium, 
and tends to change over into grouping 4, let us next enquire 
whether this latter in turn is that of equilibrium or not. 

Of the 70 molecules of B in mass 2, only 30 are saturated or 
satisfied by the 10 molecules of ^ in it ; the remaining 40 molecules 
of B are unsaturated or unsatisfied. But the very fact that in this 
grouping 4 the solvent power of B remains unsatisfied, whereas in 
grouping i the solvent power of each metal is fully satisfied, shows 
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tbat I is the condition of greater stability, of equilibrium ; this is the 
conclition which would naturally be reached, and thai into which 
frouping 4 or indeed any other grouping would tend to resolve 
itself, by diffusion. In case of grouping 4, 15 molecules of metal 
A a.nd 5 of metal B would tend to transfer themselves from mass 
I to mass 2, thus giving the equilibrium grouping i. 

Thus grouping 4 also is not that of equilibrium, and would 

K' — d to resolve itself into grouping 1. 
We have thus seen that, whereas grouping i, of complete re- 
rocal saturation, is that of equilibrium, these other groupings, 2. 
jc»Tid 4, are not ; and what has been thus found true of these would 
be found by like reasoning to be true of any grouping other than i. 
For the particular conditions wliich we have assumed, then, 
[ I ) the presence of 100 molecules of each metal, and ( 2 ) that each 
can dissolve 25 per cent of the other, we have found that reciprocal 
Mturation of the two metals hy each other is the condition of 
equilibrium. But what has thus been found true for these assump- 
tions, made merely to fix our ideas, would by like reasoning be ' 
found true of any other set of assumptions, miitalis mutandis. 

In short, if there is more of each metal than suffices to sat- 
urate the other, the condition of equilibrium is that of a mechanical 
niixture of particles of the two metals, each saturated with the 
"tiler; in other words, that of a pair of saturated solutions. Mani- 
lestly this is as true of the molten as of the solid state ; though in 
'he molten state, because of greater molecular freedom, the condi- 
lion of equilibrium would be more quickly reached. 

Such a mechanical mixture of two alloys, especially of two 
"lolten alloys, tends naturally to become less and less intimate, as 
^ particles of each alloy gradually coalesce into larger and larger 
">*S5es; and eventually they should separate from each other by 
gravity into two distinct layers, the lighter alloy floating upon the 
heavier. Be it understood that, when a mechanical mixture is 
'poken of as the norma! condition, it is meant to include also this 
^ttte of affairs in which the two alloys separate into two distinct 
layers, though it is admitted that " mixture " is rather an unfor- 
"iiaie term to apply to two distinct superposed layers. It is the 
•^"(1 condition, to which the class name applies only by a stretch, 
such as we use when we say that a mathematical point is a circle of 
"ifiniiesimal radius, and that a straight line is part of the arc of 
I a circle of infinite radius. 
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74. The Constituents of the Eutectic Should Be Sat- 
IRATED WITH Each Other. — L« US now retum to our study 
of ihe constitution of the euteak which forms in the freezing of 
any bismuth -bearing tin, the bismuth-content of which is large 
enough to lead to the formation of a eutectic as explained in §§ 6^ 
and 65, pp. 72 and 73: 

We have already seen that this eutectic should be composed of 
sheets of tin saturated with bismuth, and other sheets of bismuth. 
The question now before us is whether those sheets of bismuth 
should in turn be saturated with tin. They should, for the reason 
that this eutectic falls into the class discussed in §§ 72 and y^, 
pp. 79 and 80, of alloys containing more of each metal than the 
other can dissolve. For we have seen that it contains as a whole 
more bismuth than the tin can dissolve, and we may admit that it 
also contains more tin as a whole than the bismuth in it could 
dissolve were it able to get at all that lin ; for if not, there would 
have been no reason why, in freezing, it should split up at all. If 
the bismuth in the mother-metal at the time wlien it reached the 
eutectic composition and freezing-point were able to retain in solu- 
tion after freezing the whole of the tin then in that mother-metal, 
it should so retain it, and the eutectic should remain as a single so- 
lution of tin in bismuth, instead of breaking up into a conglom- 
erate. 

Because, then, this eutectic contains more of each metal than the 
other can dissolve when solid, the flakes of each metal should be 
saturated with the other. In short, it should be a conglomerate 
of saturated solutions of the two metals in each other. This would 
be the state of equilibrium; and, owing to the conditions of the 
birth of the eutectic, we should expect the approximation to that 
slate to be extremely close. For in the facts { 1 ) that in the 
molten mother-metal at the time when it freezes into the eutectic 
the two component metals are presumably distributed with absolute 
uniformity, are in contact molecule with molecule, and (2) that in 
the passage from the molten to the solid state the high degree of 
fluidity should cause great ease and freedom of molecular motion, 
we seem to have just the conditions which should make these 
molecides group themselves in very close approximation to the 
stable condition of equilibrium, and break away from any other 
and unstable condition, should any such be momentarily entered 
into. 
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75. The Strccture to be Expected from these Condi- 
( A EuTECT I FERGUS Alloy. — Still Considering the case 
rf bismuth-bearing tin to fix our ideas, let us for simplicity first 
jMsume that the successive layers which freeze out from the molten 
iS deposit themselves along the smooth walls of the enclosing 
«ssel or mould, in perfectly smooth and parallel layers, like the 
luccessive peels of an onion, save that tliey are extremely thin, of 
' i thinness approaching that of a molecule. Let us further neglect 
gravitation and the contraction due to cooling, and let us assume 
that the alloy is contained in a cubical mould, and that the rate at 
■ which Ihe heat escapes from the surface of the mould is the same 



Fig. 34. The •• Onion " Type of Freezing. 

"" fill six sides of this cube, and hence that the rate of freezing 

^ deposition of solid metal on all six sides is ahke. Let us call 

^ the onion tj-pe of freezing. 

In this case the structure of the frozen ingot of our alloy 

d be that shown in Fig. 34. The outer part, marked i, is the 

■saturated bismuth-bearing tin. deposited during the subsatura- 

1 period of the selective freezing and corresponding to the part 

'^ F'&- 31 '• psrt 2 is the saturated bismuth-bearing tin depos- 

^ (luring the saturation period of the selective freezing, and cor- 

ponding to part B'C of Fig. ^i : part 3 is the last frozen part, 

conglomerate eulectic, corresponding to part CD of Fig. 31. 
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76. Segregation. — This heterogeneousness of frozen alloys i^ 
recognized in metallurgical manufacture under the name of segre — 
gation. Fig. 35 shows how the carbon in a large ingot of gun-steeL 
has thus segregated. In this case the segregation is found in th^ 
upper part of the axis of the ingot, because that is the last part;; 
of the mass to solidify. This in turn is due chiefly (i) to the= 
fact that the bottom of the ingot is in contact with the cast iron- 
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Fig. 35. Percentage of Carbon at Different roints in the Vertical Sectlott'of ' 
a Large Ingot. 
Maittand, "The Treaimenl of Gun-steel," Excerpt /"ruf. JksI. Cit: Bug., 
LXXXIX., p. 11, 1S87. The depth of shading of the spots is roughly pro- 
portional to the proportion of carbon. 

bottom of the mould which is cold and hence absorbs heat greedily, 
while the upper surface of the ingot is exposed to the air into 
which heat escapes relatively slowly; and (2) to the fact that 
the hotter parts of the molten metal because lighter rise to the 
top, while the cooler ones, the temperature of which is sinking 
close to the freezing-point, sink to the bottom. Because the eutec- , 
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ie is the most fusible and hence the last freezing part of the whole, 
Owe expect to find it in the last frozen region wherever that may 
And for like reasons we expect that the saturated layers, 
2 of Fig. 34, will surroLind this eutectic, whether this lies in 
■■tte centre of the mass or not ; and that outside of these saturated 
s the unsaturated layers (1 of Fig. 34), will be disposed in 
general rough symmetry with the eutectic itself. 

77. Abnormal Secrexiation. — But, while it seems normal 
add natural that tlie segregate, 1. r., the mass expelled in the freez- 
ing of the earher layers and found concentrated in the axis of the 
ingot, should be the most fusible of all the constituents which form 
in freezing, and that it should have a larger percentage of the 
dissolved or solute metal, or of the impurity if we may so call it, 
dian the molten alloy as a whole did, yet this is not always the 
iisc. Thus in ingots of cupriferous silver the segregate, instead 
"i being richer than the earlier frozen parts in copper, which is the 
'lissolved or solute metal or the impurity, are actually richer in 
Sliver;* so that the segregate, which certainly appears from its 
position to be the last frozen pan, is actually of a composition 
svhich should make it more infusible than the earlier frozen parts. 
^''us, in short, it here appears that the parts first lo freeze are 
ffaily more fusible than those last to freeze. And the same seeras 
'0 be true of some other alloys. 

Tile explanation of this phenomenon does not seem clear. 

'-onvection currents, and gravity stratification ofthe nascent solid 

^^constituents in the act of freezing, may contribute; but they do 

^fe'^)' seem at first sight to be in and by themselves a sufficient 

^Pftuse- Another explanation, somewhat more complex yet more 

" ®gfnt, is that, although in the act of freezing proper the first 

iTozvn parts were more infusible than the last frozen, or in short 

although the order of deposition in freezing was normal ; yet in 

■^ slow cooling which followed freezing the silver migrated cen- 

f*'ard, coalescing somewhat as drops of water suspended in oil 

J draw together and coalesce. That is to say, after the 

Itectie had frozen, there were present particles of saturated ar- 

Biliferous copper and other particles of cupriferous silver. The 

ilatcd particles of each may have tended to migrate centreward 



'W. Chandler Roberts (Roberts-Ausien), Proe. Roy. Soc, 23. p. 490, 
■■ I and 3. 1875. 
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so as to coalesce with their kin, but both could not do this simul- 
taneously i hence a competition between silver and copper ; and m 
this competition the silver may have conquered or outstripped the 
copper. 

For simplicity, and to follow out what seenis to he the 
normal type of segregation, we will, in the remainder of this 
disaission. ignore this other and abnormal type. 

78. Modifications of this Structure. — When we come 
to examine our alloys under the microscope we find a condition 



Fig. 36. .\lloy of 97. 




of affairs which, as shown in Figs. 17. 18, 19 and 36, diffc^^^^ 
markedly from the type sketched in Fig. 34. Instead of a depos- '^ 
lion of successive layers, of which each is the smooth surfac:^^ 
of a cube concentric with the mould, i. c, with the outer surface c:^* 
the whole mass, we find indications rather of a growth like mo fS - '^ 
or like miniature pine-trees, a growth along spines and shoo*^ 
instead of in smooth lajers; a growth which, before freezing i^ 
complete, must shtit in and. to change the simile, landlock part 
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of the still molten mass, isolating it from the rest of the molten 
metal. The shape of the individual pine-lrees may vary greatly 
with the composition of the mass, and perhaps with the attendant 
conditions of freezing. Tlie branches may be extended as indicated 
in Fig. 42. p. 96. or rudimentary like those which start to branch out 
horizontally from the lower part of the great crjstal showni in 
Fig. 5. p. 6. Again, the groft-th may take place through olher forms, 
such as the cubes (Fig. ;^~) in which antimonide of tin. SnSb, 




Jii^r ^cn 

Showing the Isolation of the Cubes of Tin-a 
Section of the Ingot, 33 Diameters. 
I'repared by William Campbell in ih 



: *~«ws. In case the cooling is very slow, this growth may occur 
■- '"ound little nuclei which are either actual islands, i. e., actually 
■^■'^olly detached from the already frozen continent, or at least 
•*»"« held lo it by such a slight bond that their buoyancy suffices 
I *^ break this bond and thus to enable them to swim to the surface. 
'src § 37, last paragraph, p. 45.) In either of these cases 
*effromh and final broadening of adjacent pine-trees until they 
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absorb all the metal and space between them, would result readi 
in the columnar structure shown in Fig, 3, p. 5. 

Still another form is shown in Fig. 38. These are th^ 
sheets, apparently of the iron carbide Fe,C, called cementil^ 
shooting across a cavity or vug in an ingot of ferromanganes^ 
These plates may reach a great size, as is shown in Fig. 39. Hei — 
the great facets of the block of ferromanganesc seem to be du - 
m (he fnrt that, when tlir iiia«p was hrnken open, rupture traveler 




TV» Aalkot'i i.'ollccti>oB- 



ktons the fxcn of ^'vrtaiu of ihrse great plates of ccmcntite, 
which ad as c)c3tv«|pe planes. F^. 40. tv 9^, again shon-s a micro- 
paph of cwt irvm owtaiithif; pronounce<i sheets of (his cementtte. 

DcFiN'iTKtN^ — To fkolilate the present discussioa of the 
ph(uoine«a of iw\i(:Tt**iii-e itwjinjr. let us aik<f4 pttA-isiooaUy the 
loJk>«-it\|; tetiiM~ 

lite Ft\>*tn V'vwtinettt mean* the part of the aOoy whidi, at 
any oven ittMaitt vinvttr AwuHkration. has alRatlr btwca. 
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By the Shore Layers I mean those layers which have already 
" Pan solidified, and yet in pari remain unfrozen, with pooUels 
^tuaries of still molten matter, or in other words the layers in 
^'^h freezing is actually going on. 

By the Littoral Region I mean that part of the still unfrozen 
'*-*>■ immediately adjoining the shore layers; in other words, the 
■^'^•"S which have not yet acinally begun freezing but are about to. 



Ill 



INCHES 




The Open Sea means the still unfrozen mother-metal, beyond 
ihe littoral region. 

Fig. 42, p. g6, may make the meaning of these terms clearer. 

In the study of the growth of the frozen continent we may, to 
fix our ideas, confine our attention to some one of the many forms 
oi growth. Let us select tlie broad armed pine-tree type shown in 
Fig. A3- 

We will now further examine this pine-tree variety of the 
shiKJt-growth type of deposition as distinguished from the onion 
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type shown in Fig. J4, p, 85, and we will note in particular t"^" 
features which show that, great as is tlie apparent difference t^^' ] 
tween the two modes, they really have much in common, Th^^*^< 
two features are, 1st, that altiiough the deposition proceeds aio *^^ 
certain spines chiefly, yet it is nevertheless a Reposition in layec"^* 
and, that though these spines enclose and as it were landlock p^^ *] 
of the mother-metal remaining molten at the time when they sho* 
out, nevertheless much of it remains unlocked, and free to migraC^T 
so that in fact much segregation occurs. 

79. The Deposition is in L.wers, though in Distort! 
Ones. — When we come to reflect upon the structure shown i 




Fig. 40. Casi Iron Showing I'lates of Cer 

Section parallel to cooling surface. 
(Tiemann, in ihe Auliior's Laboraloiy, TAi .\htaUographhl, IV, p. 321.) 

Fig. 36, p. 88, we infer iliat, though the deposition takes place 
chiefly along branches and spines, yet it is a deposition of succes- 
sive layers on tliem. Tliis is indicated in the space just below letter 
A. where the tint shades off very graduaUy, This, then, is a depo- 
sition by layers, differing from the layers of the onion type of 
Fig. 34 in the fact that, whereas the latter are smooth continuous 
concentric cube-surfaces, in the type sliown in Fig. 36 these layers, 
while remaining parallel with each other, yet may coUectivdy 
change direction abruptly, with sharp reentering angles where 
they pass the crotch of a bough or spine, and salient ones where 
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^Bev' pass around an apex. They may be like the parallel though 
V^ilicated sheets of a distorted bed of schist, or the pages of a 
crumpled pamphlet. 

These similes, indeed, suggest that the rate of deposition is 

iJhe same on the spihes and twigs as on the boughs of our pine- 

: structure, which may or may not be the case. It is more 

tobahie that the rate of deposition along certain surfaces is more 

ipid than along others, as if the boughs of a pine-lree were to 

crease in thickness rapidly, while the increase in thickness of the 

higs was much slower, and that of the spines very much slower 

Such a condition of affairs seems to exist in the space just 

pelow the letter A in Fig. 36 ; for while the tint shades off very 

jTatiually, downwards from the upper side of this space, and 

' iipwards from the lower side, we do not find such shading from 

"le right and left sides; as if the growth had taken place from 

'lie lop and bottom of this space and not from the sides. 

80, Landlocking Type or Deposition. — If we were to 
P'ish to its logical conclusion this idea of growth by shoots in- 
sifaii of by concentric hollow-cube layers, we might conceive that 
such a cubical mass of molten alloy as is shown in Fig. 34 was, 
"}' such shoot-growth, cut up in the beginning of the freezing 
""oa scries of cubelets, each completely insulated from its neigh- 
I'ors by these shoots. Such a condition of affairs is shown diagram- 
■Mtically in Fig, 41, p. 95, the whole mass being thus cut up into 
'*tnij*-seven insulated landlocked cubelets, of which nine appear 
'" our section. It is not to be supposed that in any actual case 
such complete subdivision and insulation could thus occur at the 
''61)" beginning of the freezing as here sketched. If it occurred 
" shniild be later, when through the gradual thickening of such 
s they had come to insulate certain still molten parts from 
I mass of the still molten interior, and as it were to 
Ic " certain pools of the molten alloy, insulating them 
n what we may call the still molten open sea — open in the 
E that in the interior of the cube beneath its frozen top it 
i from frozen shore to frozen shore. We may call it open 
B spite of the fact that it is supposed to be frozen over at its 
per surface quite as much as at its bottom and sides, 
Nevertheless, the condition shown in Fig. 41 may be taken 
' tile extreme type towards which this landtocking mode of 
ftiing tends, and for convenience we may call it the " land- 
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locking type " to distinguish it from the other extreme, the 
" onion type." 

Assuming that, once this landlocking has taken place the 
freezing henceforth occurs in parallel layers, after the whole 
has frozen each cubelet will present the same series of regions that 
the cube in Fig. 34 shows, (i) the outer unsaturated layers; 
(2) the saturated ones; and (3) the eulectic 

Of course, the causes which led 10 this subdivision of the 
whole cube into these twenty-seven cubelets, should in fact be 
expected to lead to the further subdivision of these in turn into still 
smaller ones, and of these again into still smaller, until at last 
the mass is thus divided up into the microscopic enclosures which 
Fig. 36, p. 88, shows us. 

Now in each of these microscopic enclosures the same series 
of events should happen which would take place if freezing oc- 
curred as shown in Fig. 34. In each microscopic cube we should 
find the same series of deposits, { i ) the first deposited unsaturated 
layers. (2) the saturated layers, and (3) the eutcctic. This dif- 
ferentiation of our microscopic cubelet thus should yield what we 
may call microscopic segregation, such as we see not only in 
Fig. 36, but also in Figs. 17, 18, 20 and 21 to 23. In each of these 
we find this microscopic segregation. In all except Fig. 36 we see 
the segregation of the eutectic as a microscopic mass, surrounded 
by the earlier frozen excess- substance. In Fig. 36 we do not 
recognize the ciitectic structure, but we find clearly marked the 
unsaturated layers, still showing the remains of their initial hetero- 
geneousness. For instance, in the space just below letter A 
the dark and white parts shade off by imperceptible gradations 
into each other, as already pointed out. 

81, Seghegatton is both Microscopic and Macroscopic. 
— Up to this point we have imagined two distinct types of freez- 
ing. In the first or " onion " type, shown in Fig. 34. the mass 
in freezing acts as one whole, so that the mother-metal is neither 
crossed nor intruded into by any shoots as freezing proceeds, but 
remains throughout a single open, smooth-shored and smooth- 
bottomed sea, the shores, sides and botlom of which form a single 
cube, at each instant concentric with the walls of the ingot-mould. 
Here each layer as it deposits is the surface of a continuous cube 
extending completely around the shores, sides and bottom of this 
open sea, which is thus gradually silted up by the deposition of this 
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series of layers, each concentric with the initial shape of the sea 
itself. Thus our sea retains not only its initial shape but its 
initial centre, until by complete silling up it finally disappears. 
In the second or " landlocking " type, shown diagrammatic- 
ally in Fig.41 and illustrated by Fig. 36, this sea is broken up at the 
ver>- bepnning of freezing into a number of pools, each completely 
landlocked by the growth from shore to shore of dividing bar- 

L ricrs, and each pool is thus completely isolated from its neighbors. 

^m In each of these pools freezing proceeds as in the first type, and 




Type of Frei 



'Ian the subdivision of these pools into microscopic poollets, 
""cro.scopic segregation results. 

Let us now recognize that freezing actually is of both these 
'ypes simultaneously. There is the gradual silting up of our sea 
"y the deposition of concentric layers, and there is also landlocking, 
•""f lo the fact that these concentric layers are themselves not 
smooth sheets but mossy strata. The sihing up of our sea is not 
"y the deposition of impalpable mud in thin smooth layers on 
I iides and bottom, but by the growth of a moss-like or peat-like 
I, a thin forest of minute pine-trees. At any given instant 
* mass as a whole consists ( i ) of the already frozen outer con- 
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tiiicnt. (2) of the shore layers now in the act of depositing, 
(3; of the stilt opeit central sea including the littoral region. 
the shore layer is itself composite somewhat as shown in Fig 
At its inner face the summits A of its little pine-trees project 
into the still open central sea; at its outer face their thick 
trunks and branches mat themselves close together, compl 
filling up the interstices ; the mass is solid, as at B. Bet' 
summit and base is a scries first of bays C. then of well-prqj 




Fig, ^l. The SI 



and -the Littoral Region. 



I 



havens D, then of harbors £, the mouths of which are I 
obstructed by bars, and finally of completely landlocked basil 

In each of these landlocked basins freezing proceeds 
lively as in other cases. First layers arc deposited poorer 
muth" than this mother-basin or pool from which they fi 
ihe pool of which they form the progressively encroaching sh 
As freezing progresses the siicc«ss!vc la\-ers of shore deposito 

* We tr» Mill coasid«riag the case of bismuth -bearing ti 
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ticher and richer in bismuth, till at the final disappearance of the 
pool the last frozen panicle is richer than the pool was at the 
nioment when it became landlocked. Thus the drying up or rather 
"■e^zing up of each of these landlocked pools gives rise lo micro- 
scopic segregation. 

But at the same time macroscopic segregation is going on for 
ixactly the same reason as in the onion type. The only differ- 
'ices between the two cases are ( i ) that the shore layer is serrated 
'" our present case though smooth in Fig. 34; and (2) that this 
'sndlocking takes place. But neither of these differences can 
prevent the progressive enrichment of the mother-met al, the 
"fen sea. The enrichment takes place quite in the same way, 
"hither the layers whidi freeze out are smooth in outline, or 
^rrated. 

Consider for a moment the growth of a single pine-tree A, 
;' S- 42, A very thin layer of metal is deposited upon it ; this layer 
** richer in tin and poorer in bismuth than the open sea from which 
^m^ freezes; hence by its freezing the immediately adjoining layer 
^P* sea is enriched in bismuth ; this excess of bismuth diffuses out- 
wards into the open sea, which thus becomes progressively en- 
fclied. We may attempt to indicate this by the arrows in Fig. 42. 
"*it the enrichment of the open sea which took place through (he 
u^posiiion of this layer will take place' with the deposition of 
**cli succeeding layer ; and thus the open sea or mother-metal he- 
'^'^•Hes gradually enriched as its shores gradnally draw together, 

1*^ its tide slowly falls; and with its enrichment comes the cor- 
responding enrichment of the successively deposited layers, the 
•^ccessively emerging cur\'ed tines of the seashore. Manifestly 
t"is is just what is shown in Fig. 34. substituting serrated for 
•''^oodi contours, and substituting layers microscopically segre- 
Pted and thus'each heterogeneous, for layers each homogeneous, 
Inough each different from its neighbors, each richer in bismuth 
''^n the next older one. 
Let us recognize clearly this double heterogeneousness, this 
toiible segregation, macroscopic and microscopic ; this progressive 
^f'chment of the whole mass as we pass from outside to centre, 

k'l'l also this enrichment, in each individual thin layer, of those 
I^rts which were the central regions of the landlocked pools. 
8a. Progressive V.^riation is the Microscopic Seghega- 
''f.v. — That as we pass from without inwards the character of 



tlie microscopic segjegfations should change really follows fn 
what has been said ; but a further ^vord of explanation may not 
amiss. 

We have seen how, with the gradual thickening of the walls 
the solid continent which forms the already frozen part of I 
ingot, the remaining open sea is gradually enriched in bismuth, I 
dissolved metal. Now at any given moment the composition 
each bay shown in Fig. 42 should be very closely that of the o[ 
sea; and the composition of the ha\'ens and of the partly ban 
harbors shoiikt also follow closely, though not quite so close 
the composition of the open sea. At least their compositi 
should shift with that of the open sea. and in the same directii 
though, thanks to the ever increasing barriers, not necessarily 
exactly the same rate. Ignoring for the present this differei 
in rate, the composition of each landlocked basin, at the momi 
when its last communication with the open sea is frozen aero 
should be closely that of the open sea: so that the compositi 
of the successive landlocked basins formed in successive layi 
should, at this moment of the completion of their isolation, vj 
progressively from layer to layer. Each basin at the moment 
its insulation, should be richer in bismuth than the earlier fonr 
basins were at the moment of their insulation. 

But it is chiefly the composition of any given basin at t 
moment of its insulation that will determine in what kind 
layers it will deposit as it in turn freezes up. Each basin v 
hereafter act independently of the rest : it is as if we started w 
a different initial composition for each. And. Just as we saw 
§ 60. p. 68 that the series of alloys of two metals of limited rec 
rocal solubihty should be eutectiferous in its middle but not at 
ends, so of the kxral segregations arising from the freezing of thi 
basins, some may be eutectiferous. and some not. 

Thus, tiie basins formed in the outer crust of the ingot, ea 
in the freezing, when hardly any enrichment of the open sea 1 
taken place, might ha\'c so little of the dissolved metal that 1 
enrichment of the s^cccssi^■e layers during freezing would 1 
reach the saturation-point. Such ponds would yield only iins 
united layers. Others, formed somewhat later, when the enri( 
ment of the open sea had gone farther, might at the moment 
their insulation contain so mitch of the dissoh-ed metal that t 
enrichment of the successi^'cly formed layers would pass the s 
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uration-poinl ; in which case, exactly as in § 64, p. 72, not only 
saltiraied layers but also some eutectic should form. Still others, 
later formed, and with a still larger proportion of the dissolved 
melal, would yield a larger proportion of eutectic ; etc. 

83. Approach Towards One or the Other of These Types. 
—While freezing is doubtless always between these two extreme 
'ypfs, (he onion and the landlocking, yet we may recognize certain 
features which should bring it nearer to one type or the other. The 
earlier the out-shooting pine-trees meet in the centre, the closer 
should the conditions approach to the extreme landlocking type 
of Fig. 41, which completely prevents all axial or macroscopic seg- 
fegaiion; and the less pronounced should therefore be the axial 
stgregation. And in general the narrower the open sea, 1. c, 
'"e narrower the mould in which the metal is cast, the earlier 
"'ill this meeting take place. Furtlier, the farther the arborescent 
promontories shoot out into the open sea. the earlier will they meet. 
"hile we may not forecast fully what kinds of metal will form 
'3r-slioottng promontories, yet we may expect that those with 
^Pat thermal conductivity will as a whole shoot out farther than 
those which conduct heat but slowly ; and the viscous ones 
^"ould shoot out farther than the more mobile, because the 
^^'^Ovection currents are less in the former, and convection 
^Trents may be expected to oppose the shooting out of long- 
linked pine-trees b\- tending to break off their trunks, or to 
••sh them off. It is in still ponds that ice, in forming, shoots 
^'t long spines. 

Thus we may expect macroscopic .segregation to be less ( I ) 

narrow ingots, (2) in viscous metals and in those of high ther- 

I conductivity, than under the opposite conditions. 

83^'J. Conditions .\ffecting the Degree of Residual Seg- 

'^'iATioN. — In §§ 84 to 93 we shall consider how the rate of 

'"^«zing and of cooling from the freezing-point downwards may 

expected to influence the degree to which segregation will exist 

the cold alloy. This discussion is in the nature of a forecast. 

series of investigations has been planned and begun, to test the 

'Ociusions reached in this discussion. While it is greatly re- 

'etted that these experiments cannot be completed in time to 

lit the use of their results in the present work, it has been 

bought best to retain this discussion here, both as a mental exer- 

^w for the student, tending to familiarize him with at least cer- 
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tain important aspects of the subject, and as furnishing a hypoth— 
csis susceptible of ready test, and thus likely to serve as a step- 
ping-stone to more thorough knowledge of the subject. 

To simplify the discussion it is supposed to be confined to 
non-eutectiferous alloys, i. e., to those in which no eutectic should 
he present if equilibrium was reached, or in other words to those 
in which one of the two metals present is theoretically capable of 
dissolving the whole of the other. 

If equilibrium is not reached, such an alloy may contain a 
eutectic, which would be absorbed and would thus disappear if dif- 
fusion should later perfect itself. (§ 96, p. 113.) 

84. Diffusion Tends to Lessen this Segregation. — This 
heterogeneous structure of the alloy which we have just been 
considering, with its three sets of layers, (i) unsaturated and 
(2) saturated bismuth-bearing tin, and (3) the eutectic, clearly is 
very far from being a condition of equilibrium. Looking no far- 
ther than the initial heterogeneousness of the unsaturated layers, 
this itself is not of equilibrium, for from the later deposited and 
richer part of these unsaturated layers, part of their bismuth 
tends to iliffuse into the earlier ones which are poorer in bismuth. 
So tiH^ part of the bismuth of the saturated layers tends to dif- 
fuse out into the unsaturated ones, so that these which were ini- 
tially saturated thus tend to become unsaturated. Then into these 
layers thus hivome unsaturated, i^rt of the bismuth of the eutec- 
tic tends to pass through diffusion. This tendency, therefore, in 
sv> tar as it is oboyal. will diminish the quantity of eutectic, by 
causinvi a roi;roupinii of its constituent metals, somewhat as group- 
inv: ^^ cIkuij^xhI to j^nnipiui:: 4. and this in turn to grouping i, in 
§ r,\. p Svv If this transfer of bismuth from the eutectic into 
la\crs y.*^ so far imjHncrishes the eutectic in bismuth that its tin 
now \s ilu\^rvtioa!!\ suffkiont to dissolve the whole of that bis- 
r,u\th it it v\n».Kl s;ci at »t. :!u?\ as we saw in § 71. p. 78, it will tend 
M> iv> v^.sM^!\o that I^is'.r.v.th :V,rov.i:h roi:Tvn:ping. And if that 
U'v.vU'uox U v>iv\v\l tV//\. ovT vv:*i:'o:v,ora:e eutectic will disappear 
,;nJ, Iv *.v\v,u\\: In .; <v lu; vv^lv.:v. of bi>!:r.::h in tin. Finallv this 
N\ ^\ » ■ » '.\^* . • . .s\\ » «.».v^».i^.« ...... 0. v.*-» »«^'0. . . c N V • »« *.«»i»i » iHTvvH I ic quite 

,.%.*.. \ . N* . X V \ V . . « \ i^\ . >« .v> . . .,v. « V -- ^^ J» " v«^**Lv\l« ftUlvl 

.»\ »i» «r *' \v »< ^*\-** » * V*" • '**.. 
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85. Diffusion Lessens both Microscopic and Macro- 
scopic Segregation. — This leveling tendency of diffusion evi- 
*lently applies to both the microscopic and the macroscopic segre- 
gation, It tends to undo both of them, and to reduce the alloy 
'I) 10 a homogeneous solid solution if (as is assiuned in the pres- 
■.ni discussion 1. Ihe proportion between the total quantity of the 
iivo metals present in the whole mass is such that one is iheo- 
mically sufficient lo dissolve when solid the whole of the other; 
and (2) to a eutectic plus a saturated homogeneous solid solution, 
if ihis proportion is such that neither can dissolve the whole of 
ihe other. 

86. How Complete is Diffusion? — Under the conditions 
lisual in manufacture, this tendency clearly is not completely ful- 
filW. Diffusion does not so perfect itself as regards the macro- 
scopic segregation of large steel ingots, even if their cooling is so 
slow as to^xtend over many hours ; for these ingots are iiabitually 
much segregated, so much so that for certain special purposes, 
for instance gun-forgings, the segregated axial part of the ingot 
IS cut out and thrown away. 

How far diffusion perfects itself as regards microscopic segre- 
gation, remains to be investigated. Certainly the gradual shading 
off of tint shown in Figs. 32 and 36 suggests strongly that much 
of this initial microscopic heterogeneousness persists in sphe of 
'liffusion. But these indications must be received with extreme 
'^tion. Even the experienced microscopist must exercise the 
Si'Wtesl care in interpreting such appearances ; for while this shact- 
'"g off may indeed be due to corresponding heterogeneousness of 
ihe alloy, yet it also may be due to the manner of preparing the 
■JWtallic surface for microscopic examination. 
^B But apart from such indications, we may reasonably hold that 
^V^ slower the cooling is from the melting-point downwards, the 
^B'*»tCT should be the opportunity for diffusion, and the less should 
^WE Ihe residual segregation. 

H| The reader should here distinguish sharply between this equal- 
larg action of diffusion, which ought to be favored by long ex- 
P^sHre to a temperature only slightly below the eutectic freering- 
poini, and the liquation effect which may be brought about by 
holding an alloy at a temperature between the upper and lower 
"•^ling-points. In this latter range of temperature the alloy as 
a whole is in part solid, and in part molten ; and the molten part 
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tends to dra\v together, to coalesce, and under favorable conditions 
even to liquate and sweat out from the mass of the alloy, 

87. Freezing Differentiates, Diffusion Equalizes. — 
Let us at once recognize that we have here two agencies, freezing 
and diffusion, with diametrically opposite tendencies. Freezing 
is a process of differentiation, tending to split up the alloy into 
the three sets of components of Fig. 34, p. 85, with which we are 
now so familiar; diffusion is a process of equalization, tending to 
efface tlte heterogeneousness which freezing induces. 

Having just seen that the rate of cooling from the freezing- 
range downwards should be expected to influence the degree of 
residual segregation, we may now pass on to enquire what in- 
fluence the rate of cooling through the freezing-range itself ought 
to have on residual segregation. But at once we must discriminate 
between two different things going on simultaneously in this 
range, the differentiation taking place at any given instant in the 
very ])articles which are freezing at that instant ; and the equalizing 
action of diffusion in the layers which have frozen prior to this 
instant. If we hasten the freezing of a given layer, we neces- 
sarily hasten also tlie cooling of the previously frozen layers, and 
we thereby lessen the opportunity which diffusion has to equalize 
the composition of those layers. 

Let us for the present disregard this latter influence of the 
rate of cooling through the freezing-range, and confine our atten- 
tion to the influence of rapid cooling on the differentiation which 
freezing itself causes. 

Then later let us go on to consider other features of this 
problem, and let us enter our results as we reach them in Table 2, 
p. 112. 

88. R.\piD Freezing Should Lessen Segregation, — Just 
as rapid cooling from the freezing-point downwards should re- 
strain the equalizing action of diffusion, so rapid cooling through 
the freezing-range appears to restrain the differentiation which 
freezing tends to cause. Thus in Fig. 35, p. 86, we find that the dif- 
ferentiation which the ingot as a whole shows, does not include the 
outer layers of the ingot. The progressive enrichment of the 
successive layers in carbon from without inwards does not begin 
until we have passed a considerable distance inwards from the 
outer crust. 

We may reasonably refer this to a restraint put upon the d 
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lerentialion by the suddenness of the freezing. This suddenness 
has checked in ihe outer layers the impoverisliment to which dif- 
ferentiation normally leads, with the resuh that these layers are 
richer in carbon than they normally would be, if differentiation 

Imd impoverishment took their full and natural course. 
[The matter between these brackets is to explain the foregoing 
Wore hilly to any to whom it is not clear. 
Let us refresh our memory as to what occurs or tends to occur 
m freezing. When the first layer freezes, the differentiating ten- 
flencj' causes it to be purer, i. e., to contain less carbon, than the 
molten metal from which it freezes, so that the freezing of the 
first layer gives us two bodies, this frozen layer poorer in carbon 
and the residual molher-ntetal richer in carbon. The next layer 
to freeze, however, while again jjoorer in carbon than the mother- 
metal which it in turn leai'cs, should be richer in carbon than the 
first frozen layer, simply because the mother-metal out of which 
the second layer freezes is itself richer in carbon than the mother- 
metal out of W'hich the first layer froze. And so on. each layer at 
■fie instant of its birth should be richer in carbon than the layer 
which froze just before il; and this is a result of differentiation. 

Thus this differentiation itself, this very impoverishment 
of the early frozen layers, leads to the enrichment in carbon of 
the later frozen ones. This enrichment will be continuous and 
P^igressive if differentiation takes place normally, so that after 
'he whole ingot has solidified we should, on analyzing it, find a 
prt^essive increase in the percentage of carbon from the first 
frozen outer layers to the last frozen inner ones. 

If some means was discovered by which differentiation could 
he wholly prevented, then this impo\'erishment of the early freez- 
'"g layers would thereby be wholly prevented, and the mass, when 
"OKti throughout, would be uniform in composition. If differen- 
liation was partly restrained, for instance in the first freezing lay- 
"'. then the impoverishment of these lavers would be somewhat 
f^trained, which means that they would be left richer in carbon 
man ihey would have been had differentiation and impoverishment 
™' full play without this restraint; or in short they would be 
abnormally rich in carbon. They would thus be more nearly sat- 
urated than they would have been if this impoverishment had had 
'"'! play, i. e., if they had been impoverished to the normal degree. 
And il in the outer and first freezing layers impoverishment was 
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thus prevenietl. so that they were abnormally rich in carbon, while 
in the layers freezing somewhat later differentiation and impov^r- , 
ishment were not thus restrained but took place to their full nature' ' 
extent, then the outer layers might actually be richer in carbon tHa** ' 
those inside them. < 

Now this is exactly what seems to have taken place in tl»* 
ingot shown in Fig. 35. in its lower part, which is naturally the 
part to freeze most rapidly, because it is exposed not only to chei 
sides of the cold mould but also to its cold bottom, whereas t:!^^ 
upper part o£ the ingot is not covered with a cold top but ". 
exposed to the air. Moreover, the hotter metal would natur»J^3l 
rise to the lop, and thus tend to delay freezing there. Looking" ™ 
the lower five of the horizontal rows of numbers, we see that ** 
them the outermost layer is richer in carbon than the layer n^'^ 
inside it. Here, then, the progressive enrichment of the succ^^^ 
sively frozen layers, instead of beginning at the very skin, begi *^ 
only when a considerable deptli witliin or beneath the skin '* 
reached ; the impoverishment of the outer layers then seems to ha."*^^ 
been interfered with ; evidently it has not taken place to its nonr^^J 
extent. Our natural inference is that it i."; the rapid freezing o^ 
this, the fastest freezing part of the shell, which has restrained it^ 
impoverishment, 1". c, has given it this abnormal richness.] 

To say that the skin is abnormally rich in carboii is only an- 
other way of saying that the iron here, while of course not sat- | 
urated with carbon, is more near to saturation than it would have I 
been had differentiation and impoverishment taken place to their 
normal extent. That this is the true explanation we hold^he more 1 
confidently from the fact that we have good reason to believe 
that sudden cooling may go farther and actually leave the frozen 
metal not simply abnormally near to saturation, but actually 
stipe rsatu rated. 

Thus cast iron when molten contains a large quantity of car- 
bon dissolved in it, of which during slow freezing it expels a 
large part in the form of graphite. But if frozen rapidly it 
retains dissolved a very large part of this carbon which it would 
have expelled if the freezing had been slow. This excess is so 
great as to indicate that the suddenly frozen cast iron is greatly 
supersaturated with carbon. 

We have something similar in the hardening of steel, which of 
course consists of iron plus carbon. When the steel is above ft.i 
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^'-Ttain critical temperature, its iron is in the Gamma stale, and in 
'''is (imnma iron the cacbon readily dissolves, forming a solid solu- 
'''^11, On cooling below a certain critical range the Gamma iron 
"-■flanges to Alpha, in which the carbon is apparently wholly in- 
soluble, or at most only ven.- slightly soluble. Tlie normal con- 
''ition of things is that, when the iron thus changes from Gamma 
'"^ Alpha the carbon passes out of solution because insoluble, and 
"lilcs with part of tlie iron to form the definite carbide FcsC, 
^Iled cementite: so that the steel when cold normally consists of 
conglomerate of (i) Alpha iron free from carbon, and {2) this 
«?»iientite ; and this is what we find in slowly cooled, 1. e,, 
snnealed " steel. But if the steel is cooled suddenly from above 
t^is critical range, this transformation is in a measure prevented, 
o that the conglomerate consists in part of this cementite, and in 
'SXrt of iron containing carbon actually dissolved, although nor- 
txally insoluble in the iron at this temperature. It is retained in 
Olotion because the passage through the zone of temperature 
>^IOw the critical range, the zone in which the freedom of 
**olecuIar motion is great enough to permit the carbon to 
sli)) out of solution, has been too rapid to permit this tendency 
t.o assert itself completely. This \vill be explained more fully 

t Chapter VIII. 
In each case it is not Only that sudden cooling restrains a 
tngfe which normally tends to occur on cooling past a given 
i^rature, but further that the metal appears to remain abso- 
lutely supersaturated with carbon. 

N'or is this confined to alloys of iron. Wm. Campbell found 
that certain copper-tin alloys wliich were eutectiferous when 
fooled under normal conditions, were not when cooled very sud- 
'iwK- by quenching in water.' Am! it is probable that further 
investigation will show that there are many alloys of which much 
li"*; same is tnie. 

What here occurs is substantially this. The dissolved sub- 
stance which, under normal conditions of slow freezing, would 
« found separated as a distinct entity, such as the graphite of 
cast iron, the eutectic of a eutectiferous alloy, — this dissolved 
substance is not thus found if the freezing is sudden. It is true 

•"Microscopical Examination of the Alloys of Copper and Tin," 
P'oc. latlilution Mechanical Engineers, Dec. 20, 1901. 
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tliat, in certain cases, our failure to find in the suddenly coolcfl 
alloy this separated entity, which we do find when the coolioS 
has been slow, may be due to a minuteness of structure so cxtrem' 
that the microscope as yet fails to resolve it. By this I mean 
that, whereas in slow cooling the eutectic or other separated bod; 
has time to group itself into particles large enough to be se^* 
by means of the microscope, in sudrfen cooling this opportuoi^ 
is so much abridged that the individual particles, while actua"? 
present, are so small as to escape detection. In other words, tt"' 
sudden cooling may actually prevent the formation of a eutect:**^ 
etc., by inducing supersaturation or at least abnormally high cc»: 
centralion; or it may merely conceal the eutectic by giving" 
a structure so fine that it cannot be delected. 

In the case of cast iron and steel we are confident that c'^ 
action of the sudden cooling is not confined to such mere conce^*- 
mcni, because it induces profound changes in the physical a*"* 
chdnical properties of the alloy, far too great to be referred "* 
such mere comminution of structure. 

It is possible that rapidity of cooling may also lower tl^ 
temperature aBc. In the somewhat parallel case of the tran^" 
formations in solid iron, Osmond early found that hastening th^ 
cooling lowered the temperature at which they occur.* 

89. In Particul-KR, Rapid Freezing Should RestraiX 
Macroscopic Segregation. — Besides the foregoing general 
reason, there is a special reason why macroscopic or axial segre- 
gation should be restrained by sudden freezing. In §§ 81 and 82, 
pp. (H- and 97. and in Fig. 42, we saw tliat as the excess or sol- 
vent metal, ihe bismnth-bearing tin. freezes out, by the selection in 
freezing part of its bismuth fails to freeze; it is thus liberated, 
and it then tends to diffuse out into the open sea. thus gradually 
enriching that sea in bismuth. We fiirther saw that the bismuth- 
content of each molten landlocked basin would be approximately 
that of the opi;n sea at the time when landlocking took place. 
This was on the assumption that the progress of freezing was so 
slow that this liben-ited bismuth diffused itself out tinifbmity or 
neari)- so, throughout that open sea. But the btsmutb-content of 
each basin. mor« strictly speaking. shouM follow the bismuth- 
coittent of the littoral region of that sea. rather than the average 
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^Hof ihe whole sea, since it is this littoral part of the sea which is 
^T^idlocked. 

' Now, if freezing is rapid, 1. c, if the position of the shore and 

'ittoral layers shifts centripetally rapidly, there wiil be so little 

time for the seaward diffusion of this liberated bismuth that the 

'itioral layer, including that part of it landlocked in each basin. 

-\' ill be materially richer in bisnnith than the average of the open 

'f^a. Thus more of the bismuth will be locked up in these land- 

lotket! basins, and there will consequently be less to migrate 

'JXU centripetally to form finally the macroscopic or axial segre- 

Saiiun, than if the freezing were slow. Thus in short, rapidity 

•^f freezing should in particular restrain axial segregation. 

cjo. The Two Fe,\tures of Rapid Cooling through 
■^HE Freezing-range, Taken Jointly. — We have now seen 
'^'^'"ith regard to rapid cooling through the freezing- range that 
C 1) in that it lessens the opportunity for diffusion in the already 
frozen layers, it leads towards greater residual segregation, and 
(a) in that it hastens the freezing itself, it leads towards less 
>"«siiliial segregation, i. e., it tends to lessen segregation. 

Thus rapid cooling through this range has two opposite 

Slfects. Which of these is the greater may not easily be foretold. 

E may however note one consideration for our" guidance. To 

;e an extreme case in order to illustrate the principle to which I 

V refer, let ns assume that the cooling through this range is ex- 

me!y slow, occupying say a year. If that is not long enough 

T your imagination, select a longer period that will satisfy you. 

I us further suppose that the rate of freezing is unifonn 

Jliroiig-hout this period. At the end of eleven months or 92 per 

<nt of the total time, some 92 per cent of the whole mass will 

e frozen ; there then remains a month in which to equalize the 

Wposition of this mass by diffusion. Let us assume that this 

Onth is long enough practically to perfect this equalization, 

At the end of 11.5 months some 96 per cent of the whole 

■^li have frozen, and there remain still two weeks to distribute 

' through the previous frozen layers the excess of any element 

contained in the four per cent which has been deposited in these 

"*o weeks just ended. Let us assume that this is time enough 

■ practically to perfect this distribution. 

Proceeding in this way we see that, if we only make the 
assage through the freezing- range slow enough, the extra op- 
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portunity for diffusion in the frozen layers will more than cc 
pensate for the extra opportunity for differentiation in freezj 
which the slowness of the freezing itself offers. 

From such considerations our natural inference is as follov 

As between (if extremely slow and (2) moderately sl< 
cooling through the freezing-range, the extremely slow cooli 
ought to lead to greater homogeneousness through better t 
portunity for diffusion. 

As between (i) extremely rapid and (2) moderately ra| 
cooling through* this same range, the former may be expeci 
to lead to greater homogeneousness through impeding the c 
ferentiating action of the freezing itself. 

91. Taking the Two Periods Jointlv, what Procedl 

IN FrEEZING-PLL-S-CoOLINC SHOLtLD YiELD THE LeAST ReSIDU 

Segregation ? — Now let us take these two successive process 
(i) cooling through the freezing- range, and (2) cooling fn 
that range to the cold, and let its for convenience call these join 
" frcedng-plus-cooling," a term hardly suited for general ad. 
tion but perhaps convenient for this present discussion. 

Two sets of conditions suggest themselves, (i) that we . 
free to change artificially the rate of cooling at the end of 
freezing (leriod, so that we may if we so elect cool slowly throi; 
the freezing-range and quickly below it. or z-ice versa : or if 
so elect quickly through both ranges, or slowly through be 
This then is an artificially variable rate of cooling. 

The other set of conditions is that we are not thus free ; t 
if for instance we remove heat rapidly, and hence cool rapic 
through the frc«ing-range. we must allow the external conditii 
which h«\T iuiluced this rapid remo\-al of heat, this rapid cooli 
to continue undisturbed till the mass is cold, so that (he cool 
below the freezing- range also would be relati\xly rapid. 

It ii true that, ex'en if we thus leave the external conditii 
of cooling tmdtsturbcd throngiiout the whole freezing-phis-cooli 
r. t., even if we do not van- the rate of removal of heat artifida 
t))e fall of tempet^ture will xnry from inlierent and natural, 
distinf^lished ftvun artificial, causes. 

T\\x> 50urce5 of sudt natural variaiton in the rate at wh 
the twnpcrature «-ill fall dcwn-c notice. They are as follows 

V I ) The removal of heat vrill slacken progressively b 
<hmn$> freeiing ami ihiring the o^oting from the freezing-pc 
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downwards, simply because the temperature is continuously ap- 
proaching that of the cooling medium, with the inevitable con- 
sequence that the flow of heat from the mass we are cooling 
'■3 Lliai medium must slacken as the temperature difference between 
ihe two decreases. 

(2) The actual fall of temperature will be retarded during 
Ae freezing proper, by the liberation of the latent heat of solidi- 
Sication. Again, during this freezing the fall of temperature of 
l^f containing walls of the crucible, furnace, or whatever contains 
our freezing mass, will on this account outrun the fall of tempera- 
'weof the freezing mass itself; therefore, as soon as freezing has 
endd and this liberation of heat has ceased, the fall of tempera- 
lure of the mass just frozen will accelerate spontaneously. A 
Hkc retardation and subsequent acceleration will occur whenever 
'he mass in cooling passes a temperature or range of tempera- 
ture in which occurs some exothermic transformation, such as 
Ihe recalescence of steel. 

But these variations or perturbations of the fall of tempera- 
lure are natural ; they are very slight compared with the artificial 
variations which we may introduce, for instance by allowing the 
"lass experimented on to freeze extremely slowly in a furnace, the 
temperature of which is purposely held only a very few degrees 
below ihe freezing-range of that mass, and then, so soon as that 
uiasi has frozen, but before it has cooled many degrees below its 
freezing- point, while it is still say red-hot, plunging it into iced 
''tine or some other freezing-mixture. 

Let this suffice to explain the distinction between a natural 

I ^ an artificially variable rate of coohng-plus-freezing. 

^M Let us consider these two sets of conditions consecutively. 

^V 92. Case 1, The R.\te of Cooling is Artificially 

^^Variable. — In this case, what rate of freezing-plus-cooling 
'iKMiId be expected to lead to the least residual segregation ? For 
Kti'en length of time available for the whole, it seems probable 
^^i il should be ( r ) rapid passage through the freezing-range, 
'"order to restrain the initial segregation, followed by {2) slow 
filing below that range. It is true that the quick passage through 
the freezing- range lessens the opportunity for equalization by dif- 
fusion in that range; but on the whole it seems probable that this 
loss may be compensated for by correspondingly retarding the 
cooling below the freezing-range or even by holding the alloy at 



no Iron, Steel, and other AHoys 

a stationary temperature slightly below the freezing-range for 
a time approximately that which we have gained by the rapid 
passage through the freezing-range. For in this range below the 
freezing-point, the equalizing tendency of diffusion is not tHus 
offset by the opposing differentiating tendency of the freezing 
process. Hence, for given total time occupied by freezing-pl»-is- 
cooling below the freezing-point, the greatest net equalization, 
1, c, the minimum segregation, should be had by rapid freczingi 
followed by slow cooling or long sojourn at stationary tempera- 
ture below the freezing-point. 

This opinion, however, we cannot hold firmly, (i) becaus* 
we do not know the relative force of effects (i) and (2) c* 
Table 2, and (2) because we do not know how greatly the rate O* 
diffusion is lessened in passing from the freezing- range to som* 
point even slightly below it. 

93. Case 2, The Rate of Cooling is Natural, i. e., NOf 
Artificially Variable. — Up to this point we have considered 
separately the effects of the rate of cooling in these distinct ranges 
of temperature, (1) the freezing- range and (2) the range between 
the lower or eutcclic- freezing end of the freezing and the cold. 
For convenience the results of our study are grouped in Table 2, 
p. !!2. To the man ufactu ring metallurgist, however, it would 
generally be so inconvenient 10 introduce any artificial change in 
the rate of cooling at the end of the freezing-period that, unless 
it offers some very great advantage, he will not, but will treat 
both ranges jcuntly as one whole. He will either cool through 
both ranges quickly, or through borh ranges slowly, or through 
both rangrs at sonic consistent iniennediate rate, which will not 
in\'oIve artificialh- changing the rate of cooling at the end of the 
freeiing-range s»d the beginning of the subfreezing-range. 

Our next question, then, is which of the two. (i) natural 
r«pid or {j) natund slow fn«zing-plus-coottng will give the 
least residual segrtgmtkwi. or in other words the greatest final 
ttnifonnily? CJearh- mtttral slow cooUng should. If the whole 
eixjii^ is »o be \-er>- slow, thb in bo(h ranges leads tovrards 
c»n»liMt»on. If it is t« be modeniely slow, we may indeed think 
llut, as far as the fre«sing-nnce is concrmed, it would work 
tess (or unif»->rn\it>- than sudden frveaii^, Bm, on examining 
TaWe J, aiHl rctV-iing that principles (i> and (j) of that table 
*rr 0|>)xi«ril h> e»ch other, w* oatiindly infer that, in general. 
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Jfee effect of the rate of cooling tlirough the freezing-range will 
"te less than the effect of the rate of cooling below that range ; 
and hence that rapid freezing-plus-cooling will probably give more 
segregation than slow freezing-plus-cooling. This Roberts -Austen 
found true in his experiments on the influence of the rate of 
freezing-pUis-cooiing on tlie segregation of copper-silver alloys ; • 
and such other direct evidence as is available points in the same 
direction. 

To this conclusion the metallurgist may naturally object 
I that, whereas in large steel ingots, which cool slowly, segregation 
■ * marked, it is insignificant in small steel ingots, or is generally 
^■fcought to be. The answer is a simple one. It may well be 
^Ffct it is the size of the large steel ingot which, in spite of its 
,; sW cooling, causes its segregation to be very serious; and it 
is diffusion which alone can undo the segregation which freezing 
We can easily see how this should come about. Dif- 
|_ftision of course is the only agency that in the slowly cool- 
; ingot can remove the initial segregation already set up 
1 freezing. But the great width of a large ingot in itself 
ows a serious obstacle in the way of thoroughness of diffusion, 
cause of the implied great distance through which diffusion 
*ust transport the particles in order to efface initial hetero- 
pieousness. 

But from this apparent slightness of segregation in small 
W ingots we may draw an important inference. It is that 
mdple I of Table 2 is probably a powerful one; for. except 
" this influence, we should expect that small ingots, because 
i«r size leads them to cool quickly, would be much segregated. 
The slightness of their segregation, then, we refer to the power- 
'"I influence of principle 1 (column 3, line i of Table 2), that 
■^pidiiy of cooling in the freezing- range lessens segregation 
diroug], lessening the initial heterogeneousness. 

-^s has already been pointed out, this discussion aims to 
-cwisider only the non-eutectiferoiis alloys. Unfortunately, the 
''sta at hand, such as the segregated steel ingot, are those of 
I'uteciiferous alloys. This, of course, greatly lessens their value 
■^ evidence. 

In the case of cutectiferous alloys there may be an agency, 



"Proc. Roy. Soc, 23. pp. 4<»-493, 1875- 
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and a powerful one, opposed to the equalizing action of diffusion 
Every such alloy is a conglomerate of at least two distinct bodies 
In slow cooling each of these bodies may tend to draw together 
to coalesce, as in liquation processes; and this tendency one oi 
these bodies may obey to a greater extent than the others, and 
may thus segregate during slow cooling. The effect of this 
segregating action is exactly the opposite of that of diffusion 
on the degree of residual segregation. Space forbids going 
farther into this matter, than to point out this additional com- 
plication, and to warn the student that our deductions as tc 
the probable course of -events in non-eutectiferous alloys cannot 
be applied to eutectiferous ones without taking this additional 
influence into account. (See § 35 A.) 

Table 2 
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V 94. Other Modrs of Gbowtii. — In § 78, p. 88, we 

^ saw that, besides ihe pine-tree mode of growth, there were others, 

some cube-wise, some sheet-wise. But in the present discussion, 

^'™i § 78. P- 88, to the present section, we have, to fix our 

» ideas, considered only the broad-branched pine-tree type. 
To consider fully how far substituting these other types of 
growth would modify the conclusions at which we have arrived 
would carrj- us too far. But we may in general hold that, 
wliile the degree of landlocking and its consequences would vary 
from type to type, yet this would not affect our general inferences, 
which are based on the idea, that the growth is partly onionwise 
and partly landlocking. For in each of these other modes of 

I growth it seems clear that more or less landlocking and more 
or less onion-peel growth should be expected. 
95. Diffusion is jn Both Directions from the Shore 
"NE — Let us here note the fact, which tends to fasten the 
*hole scheme in our memory, that diffusion takes place in both 
j^iiwions simultaneously, landward from the shore layer of the 
^en or shore region, and seaward from the littoral layer of 
I "le still unfrozen or open sea. We have already noted in § 84, 
P' 100, this landward migration from the shore layer : and in 
55 8i and 89, pp. 97 and 106, this seaward migration from the 
lilforal layer. 

96. The R.\te of Freezing and that of Subsequent 
Cooling mav Shift the Apparent Boundaries of the 
EuTECTiFERous Rasge. — Tuming to Fig. 33. p. 75, the ordinates 
Passing through the points a and c give the composition of the 
t*o alloys which bound the eutectiferous range (§ 67, p. 74). 
% definition, alloys to the left of a when cold are simply 
bismuth-bearing tin, a. solid solution of bismuth in tin; those 
'f" the right of c are simply stanniferous bismuth, a solid 
wlution of bismuth in tin ; those between a and c contain the 
^'ectic in addition to such a solid solution. 

But we must here distinguish between tlie true or normal 
position of these boundaries and their apparent position. 

We have seen in §§ 71 and 72, pp. 78 and 79, that for 
^uilibriura, the question whether a binary alloy of two metals 
of limited reciprocal solubility, such as bismuth and tin, will 
^ (i) simply a solid solution, or will be (2) eutectiferous, 
"ifTtnds solely on whether the total quantity of the two metals 
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present in the whole mass is such that one of theni is or is not 
theoretically capable of dissolving the whole of the other when 
solid. If yes, the alloy is non-eutectiferous; if no, it is eutectif- 
erous. This, then, gives us the position of these boundaries. 
a and c, for equilibrium, a and c thus represent respectively tin 
saturated with bismuth and bismuth saturated with tin, a point to 
which we shall return in § 105, p. 121. 

But equilibrium, as we have already seen, is by no means 
always reached, and the actual conditions may vary on either side 
of it. And through such variations, an alloy which in equilibrium 
would not be eutectiferous may actually contain a eutectic, and 
another which normally is eutectiferous may actually lack the 
eutectic. 

This really follows from what has gone before; but it may 
be well to run through the two cases, still considering, to fix our 
ideas, the specific case of freezing bismuth -bearing tin. 

We have seen that sudden freezing may apparently give rise 
to supcrsaturation. Now suppose that an alloy, a bismuth- bearing 
tin, of which the composition is very slightly to the right of a, so 
that normally it should contain a very small quantity of eutectic, 
is thus rapidly frozen, so that the tin becomes supersaturated with 
bismuth, and sufficiently supersaturated to retain in solid solution 
the whole of the bismuth present. The alloy then consists solely 
of a solid solution of bismuth in tin and is actually wholly free from 
eutectic. although it would have been eutectiferous had this super- 
saturation not existed. 

Turning now to the opposite case, let us consider an alloy the 
composition of which is slightly at the left of a, so that for equilib- 
rium it would contain no eutectic : and let us assume that the con- 
ditions of freezing have been such that the normal degree of 
selection has taken place, and in particular that there has been 
no sui>ersaturalion. Let us further suppose that, at the moment 
which we are considering, this alloy has just undergone this 
selective freezing, and is beginning to cool from the freezing-point 
downwards. In the frozen mass diffusion is at work, transferring 
to the earlier deposited layers, initially poor in bismuth, part of 
the excess of bismuth which the later deposited layers richer in 
bismuth contain, thus aiming to make the bismuth -con tent of the 
whole uniform. Bnt suppose that this diffusion is so greatlv re- 
siiaiiied by rapid cooling from the freezing-point downwards that 
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but little of this transfer occurs, so that the initial heterogeiieous- 
ness is far from being effaced. This leaves in the last deposited 
layers much more bismuth than the average of the whole; so that 
evfii though, as the present case assumed, there may not be in 
the mass as a whole enough bismuth to saturate the tin, yet there 
fiiay be more than enough in these last deposited layers, which 
therefore are eutectiferous. Thus, in short, the eutectic may exist 
locally in parts of an alloy, the composition of which taken as a 
"hole is outside the Hmits which the eutectiferous range would 
have if equilibrium existed. 

Looking at the matter from another standpoint, we saw in 
§ 64. p. 72. that if the layers freezing out, (as distinguished from 
■he average of the already frozen continent), reach the saturation- 
point before the whole open sea has frozen, then some eutectic 
will form. The enrichment of these layers might well reach the 
Ml u rat ion -point thus, even if the average composition of the 
whole mass was below the saturation-point. In this case diffusion 
lends to efface the eutectic ; if diffusion is arrested by rapid cool- 
'"g, ibis ef facemeut may be incomplete ; some of the eutectic may 
persist. 

To sum this up. supersaturation may shift the apparent 
boundaries of the eutectiferous range towards each other, short- 
ing or even effacing that range; incompleteness of diffusion 
""ay shift them away from each other, thus lengthening that 
■siigc. 

We have here been considering only the rate of cooling as 
influencing the degree of saturation and of diffusion. But in 
S^neral, anything which leads to supersaturation should thereby 
'^(1 lo shorten the eutectiferous range, anything which restricts 
diffusion should thereby tend to lengthen it. 

97. Solubility Falls with the Temperature. — For sim- 
plicity one point has hitherto been ignored, I'l*,:., — that in ac- 
Mrdance with the general rule that the solvent power of any 
Siven substance for any other usually increases with the tem- 
perature, we should temporarily assume that the solvent power 
of solid tin for solid bismuth decreases as the temperature falls. 
On this account during the saturation division {B'C, Fig.3t, p. 71), 
'ince the temperature is constantly falling and since the successive 
*olid layers should be saturated with bismuth for the existing tem- 
perature, their percentage of bismuth should progressively de- 
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crease,* This is in sharp contrast with the progressive enrichment 
in bismuth of the layers deposited during the subsaturation period. 
It does not, however, invahdate any of the inferences which we 
have thus far drawn. 



CHAPTER v.— OTHER SERIES-CURVES OF BINARY 
ALLOYS FORMING HO CHEMICAL COMPOUND. 

98. Saturation-point or So-called Critical CuRVES-f — 
General Assumption. Throughout the discussion of this subject, 
§§ 98 to III, pp. 116 to 132. it is assumed that the conditions 
are those of complete equilibrium, and the influence of lag, su;'- 
fusion, supersaturation, and every form of disturbance is ignored, 

In order to understand what is meant by a saturation-point 
curve let us consider the case of a molten alloy of two metals, 
forming no chemical compound with each other. Here, as in 
case of two aqueous liquids, while the two generally dissolve in 
all proportions to form homogeneous solutions with each other, yet 
in certain cases they dissolve only within certain limits, and the 
same is true of certain molten binary alloys. In certain cases the 
molten alloy is not one homogeneous mass, because the two metals 
are in such proportions that neither can dissolve the whole of the 
other. They therefore exist as independent saturated solutions 



t of ihis fall of the sa 111 ration-point. lh« layers which 
are saturated with bismuth at the lime of their deposition, would become 
supersaturated as the temperature descends farther; and a point to be 
investigated is whether, to relieve this supersaturation, part of the excess 
of bismuth separates itself in minute grains within the solid metal. The 
condition which would (avor this separation would be very long exposure 
to a temperature far enough below the freezing-point (at which the 
deposited layers were just saturated) to cause tlie supersaturation to be 
pronounced, yet high enough to permit such molecular transformation, 
Silch escape of the excess of bismuth from the slate of solution, and its 
aggregation into particles large enough 10 be detected. 

t These auivcs are called "critical curves," though the appropriate- 
ness of this name may be disputed, since it is not evident that the mutual 
solubility of two metals is a more critical matter than the freezing-points 
of their alloys. To the name " saturation-point curves," which is here 
proposed, no such objection applies. 
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, of each in the other. These solutions may be mechanically mixed 
n emulsion, but on long standing they tend, as in the case of 

j the lead-zinc alloys, to separate into two layers, plumbiferous zinc 
{the lighter) floating above, and zinciferous lead (the heavier) 
lying beneath.* (Cf. § 73. p. 83.) 

The abscissa OD in Fig. 43 represents the proportion of 
molten metal G which molten metal can dissolve at temperature 
0, and the curve DF indicates how the solubility of G in in- 
creases as the temperature rises. In the same way, the intercept 
GE represents the proportion of metal O which metal G can 
dissolve at temperature O, and the curve EF represents the in- 
crease in the solubility of O in G with rise of temperature. At 
given temperature $. O can dissolve df per cent of G, and G can 
dissolve gH per cent of O. Hence at this temperature, an alloy 
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consisting of metal with less than $f per cent of metal G is an 
""saturated solution of G in ; one with 0f per cent is a. 
saturated solution of G in ; one with less than gH per cent of 
"^■al is an unsaturated solution of metal in metal G; 
'^s with gH per cent is such a solution but saturated ; and alloys 
between ef and gH are a mixture of saturated solutions, ( i ) of 
*/ per cent of G in 0, and (2) of gH per cent of in G. 

The alloys represented by different points along the line fg 
*ili be mechanical mixtures of these two saturated solutions, 
'" different proportions. 

,\t F these two curves meet, so that at this temperature and 
at all higher ones the two metals dissolve in each other in all pro- 
portions. And in general, any point outside the line DFE rep- 



Alder Wright. Jour. Soc. Chem. Indust., XI, p. 492, June 30. 1892. 
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resents an unsaturated solution of one metal in the other; any 
point on that line represents a saturated solution of one metal in 
the other, and any point within it a mechanical mixture of the 
two saturated alloys, (i) O saturated with G and (2) G saturated 
with O, saturated that is to say for the existing temperature. That 
each of these alloys should be saturated, assuming equilibrium 
to have been established, has already been shown in § 73, p. 80, 
where we saw that " if there is more of each metal than suffices 
to saturate the other, the condition of equilibrium is that of a 
mechanical mixture of particles of the two metals, each saturated 
with the other; in other words, that of a pair of saturated solu- 
tions. Manifestly this is as true of the molten as of the solid state." 
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Fig. 44. 
Saturation-point and Fre«xing-point Curves of Mercuric Bromide and Iodide. 

Rol>erts-. Austen and Stansfield. Rapf^>ris Prfsemtes au Congres International 
♦iV rkysi^Hf^ I, Paris, I goo, p. 3S2; from Reinders, Kcn.Akad.van Wetens.Vt 
Amsterdam, p. i4t\ iSvxx 

!». SATl'KATlON-rOIXT ClRVES IN SOLID MeTAL. (i) NoN- 

Krvbx riFFRois Alloys, — Tuniing now to the solid state, the 
simplest case is that of two metals which, like gold and silver, are 
Si^luMe it\ eaeli vnl\er in all pi\>[x^rtions at and even somewhat 
lvK>\v tlieir trxvri\\i:-|x^ints. But two such metals thus soluble 
witlunit lin\it. may at still lower tetnperattu^es be of limited 
sv^lulMlitN, whet\ the vviulitioti is like that of the iodide and bro- 
twivle ot mei\n\r\\ shv>wn it\ b^ii:\ 44, in which the freezing-point 
v\tt\e ,t;n' ot these suhstar.cvs alsv> is pN-^n. Here, as before, 
,*\-' and )v rxprx^seiu the Svvubility of each substance in the 
vMhev t\^\ tv^r.jvrattvAs trvMu v^ to i-^: and. as before, any point 
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outside this curve (and below the freezing-point curve) rep- 
resems an unsaturated solid solution of one in the other. Any 
point on DfE represents a saturated solid solution. The nor- 
mal condition represented by any point inside the line DFE, 
tile condition towards which equilibrium tends, is that of a 
mechanical mi.xture or conglomerate of two solid solutions, one 
of iodide in bromide, the other of bromide in iodide, each sat- 
urated for the existing temperature. The reasons why such 
a stale of affairs is true of molten alloys as explained in § 98, 
?■ n6. apply equally to the case of the solid state. 

What has now been said of the solid iodide and bromide of 
mercury apphes with equal force to the solid alloys of any two 
DKtals, of which the reciprocal solubility, while unlimited at the 
freezing-point and even somewhat below it, becomes limited at 
some still lower temperature. Only, such an alloy, when it cools 
past the line DFE, Fig. 44, instead of obeying this tendency to 
break tip into two saturated solid solutions may remain as a single 
supersaturated solution. Or if the solvent metal, instead of be- 
Wmiiig supersaturated, actually does expel from itself in the solid 
alloy the excess of ihe dissolved metal as fast as, by fall of tem- 
i*''ature, its solubility in the solvent metal decreases; yet the 
Particles in which this excess thus separates itself may well be so 
^remely minute, thanks to the rigidity of the solid alloy, as to 
w invisible under the microscope. Further investigation is needed 
"^ 'Hrow light on this question. 

\ ^ition of the Saturation-point Curve under Various Conditions, 
and its Relation to tlie Freezing-point Curve. 

_ 100, Case i. The Saturation- point Curve Lies Wholly 
BBelow the Freezing-point Curve, », c, the reciprocal solu- 
■ niiiy is complete for the molten state at all temperatures, and for 
f we solid state for a certain distance below the freezing-point of 
Fweeiitectic, but not at still lower temperatures. This is the case 
*"icl] we have considered in the last section (Fig. 44). 

lot. Case 2, The Two Mf.tals are Completely Insol- 
Ij'ble m Each Other .\t .A.ll Temperatures, both When 
Solid and When Molten. — In this case the saturation-point 
i^rve really corresponds to the axes say 0.1/ and Z.-V of Fig. 24, 
p. 54- both below and above the freezing-point curves. 
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102. Case 3, The Two Metals are Wholly Insoluble in 
Each Othek at All Temperatures When SoliDj but Soluble 
IN Each Other in All Proportions and at All Tempera- 
tures When Molten. — In this case, for the solid state the 
saturation-point curve as before corresponds to the axes OM 
and LN of Fig. 24; while for the molten state it can hardly be said 
to exist, 

103, Cases in which the Saturation- point Curve 
Meets or Cuts the Freezing-point Curve. — In the three 
cases which we have now considered (§§ 100 to 102) ihe recip- 
rocal solubility for each state, molten and solid, is, in the freezing- 
point range of temperature, either nil or unlimited. In these cases 
the two curves (saturation and freezing-point) can hardly be 
said to meet each other ; but a class of cases remains in which, in 
this freezing-point range, there is limited reciprocal solubility 
either (Case 4) in the solid state, or (Case 5) in the molten state, 
or (Case 5 ,3) in bolh states. In each of these cases the saturation- 
point curve meets the freezing-point curve, and in Case 5 it affects 
the shape of tliis latter curve in a way which varies with the 
attendant conditions, as we shall see in §§ 107 and ni, pp. 121 
and 132. Table 3 recapitulates these conditions: 



Table 3 



FOR THB MOLTEN STATE 


THE SATUHATION-POINT 


is-^'i^T-Jsr.. 


C«se 4. Al all lemperatures 




Limited 


Case 5. Only above a 
cemiQ lemperalure 


A, al Ihe same lem- 

peratire ) 


a, Nil, (/.f., the two me- 
tals when solid are 

each other) 
3, Limited (.>., ihe two 
melala when solid are 
somewhat soluble in 
each other) 




B, al different tempera- 
lures 


. Nil 

P Limited 



104, Case 4, For the Molten State Reciprocal Solu- 
bility IS Unlimited at All Temperatures, but ik thb 
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iziNO-POiNT Range it is Limited for the Solid State. — 

I this case there can hardly be said to be any saturation -point . 

rve for the molten state ; while for the solid state this curve is 

P^te that sketched at Daa and Ecc' in Fig. 49, p. 136. This is 

sketched only by eye, to give a general idea of the family to which 

such curves belong, 

105, In This and All Like Cases the Satubation-point 
CuHVEs Pass Through the Normal or Equilibrium Bound- 
aries OF THE EuTECTiFEROUS Range. — This we have already 
established in § 96, p. 1 14. For limit a of the eutectiferous range 
represents the composition at which solid metal H is just saturated 
«'Lth solid metal G (Fig. 49) at that temperature, so that any 
further increase of metal G, by tending to supersaturate metal H, 
Would give rise to a eutectic. So with point c, mulaiis mutandis. 

106. Case 5, For the Molten State Reciprocal Solu- 
siLiTy IS Complete Only Above a Certain Range. — In this 
•^^ the saturation-point curve will be found above the freezing- 
Point curve, 1. e., extending into the part of the diagram which 

I 'presents the molten state. If there is a certain degree of recip- 

"*^1 solubility for the solid state also, then the saturation-point 

furve will be found below the freezing-point also. If there is not, 

"len the saturation-point cur\-e for the solid state is represented 

1 "y the axes, as in Case 3. 

It remains to consider the influence of the saturation -point 
ve on tlie freezing-point curve for subcases 5 A and 5 B ; and 
'""^ to consider the relative position of the saturation-point curve 
'°'" the solid and molten states respectively. The former of these 
^Mects we will now consider in §§ 107, 108 and no, pp. 121, 125 

I*"'* 126, the latter in § 109. p. 126. 
[ 107. Subcase 5 A, The Saturation-point Curve Cuts 
P^S Two Upper or V-Branches of the Fbeezikg-point Curve 
9^ The same Temperature.* 
W a The tivo metals zvben solid are wholly insoluble in each 

'The assumption on which this case rests, that the saturation- paint 
curv( cuts the two branches of the freejing- point curve at exactly the 
isnie temperature, is, of course, an extremely improbable one. and, mathe- 
tnatically speaking, presumably an impossible one. It niay be regarded as 
3 limiting case, and is given here iirst, only because it is sotnewhat 
simpler than the other case in which the saturation-point curve cats the 
freeiing- point curve at different temperatures. 
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other. On this assumption, the freezing-point and saturation- 
point curves are of the family shown in Fig. 45. 

Let us test the shape of AMJC by following the freezing of 
three different alloys, those with R, S and Tpcx cent respectively, 
of metal G. 

( 1 ) Alloy R. This in cooling would begin freezing at r with 
the solidification of metal H and enrichment of the mother-raetal 
in metal G, as in the common course of selective freezing: so 
tliat the temperature and composition of the mother-metal at suc- 
cessive instants would be represented by a series of points be- 
tween r and M. In short, the temperature and composition of 
the mother-metal slide from r to .1/, But on reaching M this 
sliding is arrested, and the mother-metal will now freeze without 
further fall of temperature as the eutectic, breaking up in freezing 
into separate particles of the two metals G and H. 

The reason why selective freezing should cease on reaching 
M, and that the mother-metal should there freeze without further 
selection, i. e., as a whole, is of course the same which leads to 
the freezing of the eutectic as a whole in any ordinary alloy as 
soon as the eutectic composition and freezing-point are reached. 
At each instant during the selective freezing from r to M the 
mother-metal has been at its then freezing-point, and it has 
avoided freezing as a whole by ejecting from itself part of the 
excess or solvent metal H, and so becoming enriched in the dis- 
solved metal G, and thereby acquiring a lower freezing-point. 
This can go on only so long as selective freezing is capable of 
leading to an alloy of a lower freezing-point. Now this pos- 
sibility ceases when the temperature and composition of the 
mother-metal reach M, for that is by assumption the freezing- 
point of the most fusible alloy of the series. Indeed, no possible 
shifting of composition of the mother-metal could further defer 
freezing. Moving it to the left would make it still more infusible ; 
moving it to the right would simply split it up into a mechanical 
mixture of (i) an alloy of composition M and (2) another alloy 
of composition /, both infusible at the existing temperature. 

(2) Alloy S. On cooling to M, this alloy would be in the 
condition in which the mother-metal was at temperature M in the 
case of alloy R, and would freeze there as a whole for the same 
reason. 

(3) Alloy T. On cooling past F, the molten alloy splits up 
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inio two saiuratcd solutions ( i ) of G in /f, and (2) of H in G ; 
the composition of these shifts during further cooling, following 
the curves FM and FJ, till on reaching temperature M these 






-» 
^ 



*= '^ - £ 1 1 

■s S ii 5 2 

> a i I '>; * I 

ilHlij 



^>1^ V useful sj^ 






™'°ys have respectively composition 1/ and composition /, and 
^ is therefore at its freezing-point. 

At first we might suppose that both these molten alloys 
"Oiilfl now freeze simultaneously, because they are both at their 
freezing-point ; and that in freezing they would split up simulta- 
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neousiy into separate particles of metal G and of metal H. But 
we must here note that, while the two molten alloys have by 
assumption the same melting-point, the two component metals 
have different ones. What would actually happen, we therefore 
infer, is that the more infusible metal G would begin freezing 
in preference to metal H, since G is now farther below its freezing- 
point C, and the temperature lever-arm, so to speak, of the ten- 
dency to freeze is tlierefore greater for G than for H. But the 
removal of some of metal G from the molten mass taken as a 
whole, would shift the composition of the remaiTider of that 
mass to the left, wliich means that the components of the tivo 
molten alloys would rearrange themselves somewhat as in § 73, 
p. 80 ; 1. 1'., that as metal G froze out progressively, so pr<^re5sively 
would the proportion of molten alloy / decrease and that of 
molten alloy M increase.* This would continue until, by this 
removal of metal G from the molten mass, the residual molten 
alloy had reached composition M. In short, the composition of 
the residual molten mother-metal, i, e., the average of its two 
components M and J. which average initially was F' (the same 
as T), would gradually travel to the left until it reached M. Once 
this composition is reached, all further differentiation of the 
mother-metal ceases; it has now reduced itself to a single molten 
component M, and this should freeze without further differentia- 
tion or selection, like any other eutectic, splitting up into alternate 
particles of the two component metals H and G. 

The cooling curve for such a case is shown in Fig. 46. 
From I to 2 the molten alloy cools without change ; from 
2 to 3 it splits up into two saturated solutions, the composition 
of which travels progressively from F to M and from F to / of 
Fig. 45- 

From 3 to 4 metal G freezes out, and the composition of the 
residual molten mother-metal as a whole (Fig. 45), i.e., the 

• For the benefit of those already familiar with the phase rule it may 
here be pointed out that this rule leads us to expect the procedure here 
indicated at temperature .If/, raiher than that both metals H and C should 
freeze out simultaneously. This it does because this latter supposition 
implies the simultaneous presence of four "pliases," molten alloys M and 
/, solid H and solid G, four phases with only two components. In the 
procedure which I have sketched there are at no instant more than three 
phases. 
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average of its two component saturated solutions, travels to the 
left from F' to M. 

At 4 further differentiation of the remaining molten niotlier- 
iTieial ceases, and from 4 to 5 it freezes as a whole like any other 
eulectic, splitting up into alternate particles of metal H and 
letal G. 

From 5 to 6 the solid alloy cools. 

We here see how the fact that the saturation-point curve 
txtmds above the freezing-point curve changes the shape of the 
latier. ]n this particular case it simply cuts off the apex of the 
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which lines AM and CJ if produced would form, as they do in 
'''gs. 24, 27, 28. 33 and 49- 

108. Subcase S ■^^- — ^^^ ^c *«^'i'-^ when solid are some- 
•i'hal soluble iit each other. Next let us suppose that the two 
™«lals, instead of being absolutely insoluble in each other when 
^'id, are somewhat soluble reciprocally, but much less so than 
"'hen molten. This assumption calls for saturation- point curves 
for ihe solid state, but it also implies that they lie respectively 
'0 the left-hand of M and the right-hand of /, as shown in Fig, 47, 

Considering the cooling of an alloy initially of composition 
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and temperature T, when its temperature sinks to F it wilt, S 
in case a, split up into two saturated molten solutions, the cow 
position of which during further cooling travels from F to M, ai* 
from F to J ; so that on reaching this temperature MJ we hav 
the same condition of affairs as in case a. With further remove 
of heat from the system, it tends to freeze, generating solid alloj* 
f and P. 

But here again, just as in case o, it is the more infusibli 
of these two solid attoys that shoiild actually freeze first b; 
preference. Let us assume that it is alloy P which is the mor 
infusible of the two. It therefore begins freezing out. and thi 
average composition of the residual molten mother -meta 
in conseqiience travels to the left until, as in case a, thi 
average composition finally reaches M, i. c. nntil by tlie re 
arrangement of the components of the mother-metal and th' 
freezing out of alloy P, the whole of molten alloy / has bcei 
removed and only molten alloy M remains. Then, as before 
this molten alloy M should freeze tike any other eutectit 
splitting up into alternate particles of solid alloys f and i 
respectively. 

In short, the whole proceeds exactly as in case a, cxcep 
that when freezing begins, that which freezes out first is nc 
pure metal G, but G saturated with H. and that when the com 
position of the residual mother-metal eventually reaches M. th 
alternate particles of the eutectic into which it now in freezin; 
splits up are, not pure metals H and G, but saturated solid solu 
tions oi G in H and of H in G. 

109. Relative Position of the Saturation-point Curv 
FOR THE SuLiD AND MoLTEN St.\tes. — Since the solubility 
each metal in the other should naturally be much less when hot 
are solid than when both are molten, the saturation -point curve 
for the two states should be related to each other as shown i 
Fig. 47; that is to say, the curve for the solid state should li 
to the left of M and to the right of J. In other word! 
there should be a sharp jog like f'M and QJ between these curve 
for the solid and molten states respectively. 

no. Subcase 5 B, the Saturation-point Curve Cut 
THE two Upper or V-Branches of the Freezing-point Ctntv 
AT Different Temperatures. — a. The fzvo metals zvhe 
solid are wholly insoluble in each other. In this case the freezing 
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point curve assumes the pecitlaar shape shown in Fig. 48. Here 
ihe upper freezing-points for alloys, containing between 70 and 
100 per cent of H are represented by .lAf, and those for alloys 
■ftweeii o and 20 per cent of H b>' BJ ; and the lower freezing- 
Poinis for these two regions will be on ilie hnes DM and /'£. For 

''Uoys of intermediate composition, containing between 20 and 

^ per cent of H, the upper freezing-point is JK'M and the 

W\'er freezing-point is I'M. 

To test this let us follow the cooling of a few different alloys 

i>riaining respectively /. F. T and Q per cent of metal G. 




•" 'K-48, Freezing-point Curve of Alloys of two Metals of Limited Reciprocal 

Solubility wheti Molten, but Complete Reciprocal Intiolubilii)' when Solid. 
^^bcise iB. the Solubility Curve Cms ihe Upper Hranches of the Freezing- 
point Curve at Different Temperatures. 



Mloys I and F. The shape of the freezing-point curve at 
' and at the left of M is shown by the same reasoning that estab- 
sfaed the corresponding part of Fig. 45. (See alloys R and S 
* P'g- 45-) 

Alloy r is a molten solution of G in H, which on cooling 

I the saturation-point cur\'e becomes saturated, and on passing 

~ V it splits up into two saturated molten solutions (1) a large 

Uitity of a solution of G in H, and (2) a small quantity of 

^-ttlution of H in G. When the temperature has fallen to L, 
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alloy I will contain L' per cent of G dissolved in loo — L' pei 
cent of H, and alloy 2 will contain loo — L" per cent of h 
dissolved in L" per cent of G. When the temperature falls t( 
K, alloy I will contain K' per cent of G dissolved in loo — K 
per cent of H, and alloy 2 will contain 100 — / per cent o 
H dissolved in / per cent of G. In short, the composition o 
these two alloys will be K' and / respectively. Alloy J, how 
ever, will now be at its freezing-point, and on further remova 
of heat, but without further fall of temperature, it will begii 
freezing. 

In the freezing which now takes place alloy / should in ef fee 
deposit only metal G, as we see on trying to imagine the contrar> 
Suppose that the first flake of alloy / in freezing at temperatur 
/ does so without selection, 1. c, that it deposits a flake of com 
position /. As metals H and G by assumption are insoluble r 
each other, this first flake must (if equilibrium is reached), breal 
up into particles of pure G and separate particles of pure H 
But these pure particles of H, exposed as they are in the ver 
act of freezing to alloy K', which is a saturated solution of G i 
H, should immediately remelt and reenter alloy K', since the alio 
which this reentering would create is fusible at the existinj 
temperature, because it has more than K' per cent of H, 1. e 
because its composition lies to the left of K\ This remeltini 
then would give us two molten alloys, alloy /, and an alloy wit 
composition to the left of K\ 

But as the mean composition of the mother-metal woul 
still be between / and K' it would immediately rearrange itsel 
into a mechanical mixture of two alloys of composition / and K 
respectively (§ 73, p. 80). The effect of the freezing and re 
melting which have taken place at temperature / thus would b 
to eliminate from the molten mass a small quantity of metal C 
and so to shift the average composition of the mother-metal fror 
A' toward K\ 

But this shifting will leave the . mother-metal as before i 
the condition of a mechanical mixture of molten alloys / and K 
because at temperature / this is the constitution of any mothei 
metal the average composition of which lies anywhere betwee 
/ and K\ So that, as regards farther freezing, on farther removj 
of heat from the svstem, we have exactlv the same condition c 
affairs that wo had when the first flake began to freeze. Henc< 
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for the same reason as before, the next step in the freezing is 
in effect to eliminate from the mother-metal a second small 
quantity of metal G, to be followed by a second rearrangement of 
ihe residual mother-metal so that it contains a smaller proportion 
of alloy J and a larger proportion of alloy K'. Thus, its average 
composition travels a second step to the left. Following this, 
fake by flake, what really happens is that metal G begins freezing 
out at constant temperature, and that the composition of the 
"Wtlier-metal progressively travels from K to A", which means 
that the proportion of alloy / is constantly diminishing and that 
of alloy A" is constantly increasing until, when the average com- 
position of the now residual molten mother-metal reaches A", the 
"'hole of alloy / has been removed by the freezing out of the 
"iftal G, and the mother-metal now consists exclusively of alloy 
'''- The temperature will thus remain constant during this freez- 
"ig out of alloy /. 

Now that the molten mother-metal has been reduced to a 
single constituent, alloy K', the condition of things is practically 
'•!« same as in any simple case of selective freezing; for instance, 
" is parallel with the condition which exists when, in Fig. 24. 
f*- 54. the alloy of composition G has cooled to temperature P. In 
•^•^ling from H to P part of the excess-metal (lead) has frozen 
^*^l. so that the composition of the residual mother-metal has 
■^""aveled from H to P. With further fall of temperature the lead 
'-*^iitinues freezing out, and the composition and temperature of 
'•^e mother-metal slide along the line PB. 

So, in our present case, Fig. 48, with further fall of tem- 
f*^ranire. metal C continues freezing out. aiid its freezing 
'^**ar3 such a relation to the fall of temperature that the corn- 
Position and temperature of the mother-metal for every succes- 
sive degree of temperature reached remain on the line K'M ; 
"^ short, the temperature and composition of the niother- 
'"eia! slide along K'M, there reaching the freezing-point of 
'^"Icctic, and of course simultaneously reaching the eutectic com- 
position. 

At A" the mother-metal is H exactly saturated with G. As 

'lie temperature begins to descend below K' some of G begins 

r freezing out, thus leaving in the mother-metal less G than suffices 

i to saturate it at temperature K', assuming that the continuation 

■fif the saturation-point curve K'U is inclined to the right of the 
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freezing-point curve K'M, as drawn in Fig, 48,* But with the 
simultaneous incipient fall of temperature from K' the solubiUty 
oi G in H simultaneously falls. For simplicity let us assume 
that this fall of the solubility is not so great that the proportion 
of G now in the mother-metal suffices to saturate it: in other 
words that the freezing-point curve K'M is more strongly inclined 
than the continuation of the saturation -point curve CK'U, so 
that, as the composition and temperature of the uiother-melal 
slide along A".l/ the mother-metal first ceases to be saturated 
with G and then progressively falls farther and farther short of 
being saturated with G, i. c, grows farther and farther unsatu- 
ratefj with G. In this case the mother-meta! throughout the re- 
mainder of the freezing remains a single tmsaturaied solution, 
quite as in Fig. 24. 

We may actually sketch the part K'U of the saturation -point 
curve for the nwlten state to indicate that it actually lies to the 
right of the section A'',lf of the freezing-point curve. Indeed, 
this prolongation K'U can sometimes be determined by the 
phenomena of surfusion. 

Once the temperature has fallen to M, the mother-metal will 
begin to freeze unselectively.t like any eutectic. simply because 
no selective form of freezing can (normally) postpone complete 
freezing. In freezing the eutectic will, like any other, split up 
into its components H and G, assumed to be insoluble in each 
other when solid, and, therefore, each pure. 



• The angle between lines K'M and K'U may vary and conceivably 
might fall to zero, 50 that K'M would coincide with K'U. In this case 
the line should be drawn double, a solid line to indicate this section of 
the free zing' point curve and a broken line to indicate this section of the 
saturation -point curve. 

t That the freezing at M will be uiiseleclive is seen readily on trying 
to suppose the opposite, i.e., that it is selective. Selective freezing can 
occur only through a selection which gives to tlie mother-metal a freezing- 
point lower than Ihe existing temperature. But such selection cannot 
occur through freezing out of part of m£tal G, because that would 
move the composition to the left and would make Ihe mother-metal more 
infusible. The freezing on the other hand cannot be made selective in 
the sense that metal H freezes out. because that would in like manner 
shift the composition of the mother-melal to the right, and this also would 
make it more infusible, and in particular infusible at the existing 
temperature M. 
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Thus, for iiiiiial composition T we have two freezing-points, 
A.' and K". The same would be true of any alloy of composition 
between R and iV. For alloys between R and F, the upper freez- 
ing-point will be on the line K'M and the lower freezing-point 
will be on the line MJ'. 

This then gives us the freezing-pcwnt curves between F and 
jV, vis., for the upper freezing-point MK'J and for the lower 
freeiiag-point MJ'. 

Alloy Q. The series of alloys between N and B will have for 
the upper branch of the freezing-point curve BJK'M, and for 
ihe lower branch J'E. Take for instance alloy Q ; it will begin 
freezing selectively by the solidification of the excess or solvent 
racial G. and the composition and temperature of the mother- 
metal will, as in all like cases, slide from Q to /. But as the tem- 
perature starts to descend below /, the composition of the mother- 
iKtal crosses the solubility curve, and the mother-metal therefore 
f^ks up into a mechanical mixture of two alloys of compositions 
JC and / respectively. 

But the molten mother-metal has now reached the same 
<ondiiion that it reached when, starting initially with composi- 
tioti T, it had cooled to temperature K, in that it is now a mechan- 
tal mixture of molten alloys / and K'. And, just as in that 
fcfmer case, with further removal of heat metal G in effect 
B^ns freezing out. and consequently the average composition 
"' the mother-metal travels to the left from / to K'. Then, the 
freezing out of G still continuing, 'the temperature and compo- 
Nlion of the mother-metal, quite as before, slide from K' to M. 
Finally at M the temperature again remains constant while the 
^liole of the residual mother-metal freezes without selection, 
splitting up in freezing into the conglomerate eutectic of alternate 
particles of metal G and metal H. 

Alloys intermediate in composition between Q and B will, 
'" freezing, follow the same course as Q, and in particular the>' 
^''11 all have a second or lower freezing-point on the line DM J'E : 
ra other words this line will extend clear to the right-hand side 
°f the diagram. The reason for this is that, thanks to the as- 
'uined complete insohihiiity of H in G when solid, at whatever 
point between / and B the initial composition of the molten alloy 
ii«. when on cooling to the line BJ freezing begins, it is metal 
^ alone which freezes out ; so that, no matter how little of H 
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is present, i, e,, no matter how little to the left of B the initia 
composition of the whole lies, that quantity of H unimpaire( 
will continue to accumulate in the mother-metal. Hence, whei 
the temperature of the mother-metal falls as low as /, there wil 
still be that same quantity and hence a finite quantity, of meta 
H present ; in short, the mother-metal will now have temperatun 
and composition /. 

But in that it thus has this composition and temperature, i 
is in the ^ame condition that alloy Q was when it reached tern 
perature /; and therefore its further behavior, on further abstrac 
tion of heat, will be the same as that of alloy Q from this sam« 
time. The temperature of the molten mother-metal will remaii 
constant as its composition gradually slides from / to K' , and it 
temperature and composition will then slide from K' to M. An( 
since up to this time nothing but metal G has frozen out, th 
same original quantity of metal H will now be present in th 
mother-metal ; so that this, in now freezing unselectively, wil 
yield the conglomerate eutectic, containing the whole of th 
initial metal H, 

In short, no matter how little H is initially present, tha 
whole quantity will be found in the eutectic conglomerat 
formed at M ; or in other words there will be a conglomerat 
eutectic freezing-point at temperature M, no matter how littl 
H is present, so that the line representing this lowe 
freezing-point extends clear to the right-hand end of th 
diagram. 

Comparing Figs. 43 and 48. we see that the essential dif 
ference is that in Fig. 43 the distance //' is reduced to nil. W 
may therefore regard subcase 3.] as simply a special example o 
subcase 3/?. 

III. Subcase S B fi, The Two Metals When Solid ari 
Somewhat Soluble ix Each Other. — Comparing §§ 10; 
and 108, pp. 121 and 123, and in particular comparing Figs. 4. 
and 47, we see that the effect of changing the assumed con 
dition for the solid state from complete insolubility to limited 
solubility, was, as regards the diagram, to shorten the eutecti 
freezing-point line so that instead oi nnining completely acros 
the diagram it is boundevi by the points / and F, and to creat 
the Silt urat ion -^x^int lines Off and XPQ. As regards the pro 
cedure in freezing the effect of this change was that, instead o 
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I pure metal H, it was H saturated with G that froze out, up to 
* the time when the mother-metal reached composition } ; and that 
tluring the rtmainder or eutectic part of the freezing, the con- 
glomerate eutectic which froze consisted of alternate particles of 
// saturated with G and of G saturated with H, instead of pure H 
and pure G. 

Applying the same reasoning to the present case would lead 
^_ '0 the same changes, both in the diagram and in the course of 
^b the freezing which that diagram depicts. 

^H 112, Determination of the Saturation-point Curves 
^ POR THE Soi-iD State. — While these saturation-point curves for 
'he solid stale are not readily determined, we may yet reach an 
Approximation to ihem in some cases. Thus, to find the solubility 
^f of C in (Fig. 44) at given temperature fl°, we may heat 
'° S° a ver\- thin strip of in contact with an excess of G, 
**td hold tliem at 6° for several different periods, cooling 
^■»«m and then determining after each heating and coohng 
^hat percentage of G has been absorbed by by diffusion, 
*ri*] thus determining how much of G can thus be forced 
ato 0. 

Conversely, how much of G can be retained by at 6" 
ay next be determined. The alloy which we should treat in this 
iC should contain rather more of G than our foregoing absorp- 
n lest succeeded in forcing into 0, because an absorption lest 
>iinot pass saturation 6f. and is likely not to reacli it, while our 
Teseut retention test will leave O at least saturated and probably 
^*>Wh supersaturated with G, i.e., will leave more than 6f of G in 
, *-^- We heat this alloy well above 0", or better above its melting- 
^■'$*oint, then cool it to $°, liold it there for a long period, then 
^•^Wench it in water to retain the degree of concentration retained 
^p«t 6\ 

We then examine the alloy under the microscope, to see 
*lictlier under these favorable conditions any excess of G has 
''^parated out within the solid alloy ; and if possible we tn,- to get 
*i approximate idea of the proportion of G that has thus sepa- 
fsied out, remembering that it should not be pure G but G satu- 
^led with gH per cent of that should thus separate out. Should 
*iiy separation of G be detected, we infer that the percentage of G 
in the alloy is greater than 6f, and we make a second approxima- 
tion, using an alloy containing less of G, etc. 
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If, as will probably be the case, the results of the absorption 
and retention tests do not closely agree, the former ones repre- 
senting undersaturation or less than 6f, and the latter ones 
supersaturation or more than 0f, we at least establish Hmits 
between which the true saturation -point hes. Sharply defined 
results are hardly to be hoped for, because the .approach to the 
saturation-point from either direction is likely to be asymptotic, 
or at least extremely slow towards the end, in a solid and relatively 
cool alloy. 

113. Determination of the Sati;ration-point Curves 
FOR the Molten State, — To determine the two points of the 
saturation-point curve for a given temperature 7" we might pro- 
ceed as follows. 

The two metals should be melted in a cnicible under some 
protecting coating, such as potassium cyanide, and heated to a 
temperature T' considerably higher than T, and very thoroughly 
mixed. In deciding on the temperature T the question of loss 
by volatilization should be considered. In no case should the 
temperature V approach the boiling-point of either metal. 

The mixed metals should then he poured into a narrow clay 
tube, pcrtiaps 8 inches long, preheated to V, closed at one end 
anil capable of Iwing stoppered tightly at the other. While at T' 
the tube should be agitated so as to mix the metals further. 
Though we may hardly hope to saturate these two metals with 
each olhcr for temperature T, yet we may hope that at this tem- 
[wralurc each will take up at least as much of the other as would 
suffice to saturate it at the lower temperature T. 

The molten mass should now be cooled to T in the tube, and 
held there for say eight or ten hours, or as much longer as 
experience shows to be necessary. Should each metal have dis- 
solval more of the other than corresponds to the saturation- 
point for 7", each will tend now to expel this excess ; and the object 
of allowing the temperature to remain stationary is both to allow 
the two alkws 10 separate into two distinct masses, and to perfect 
the sciwraticui of this excess by gravit>-. 

As a (nnvcnient source of siaiionary temperature, we may 
»se A venical cylinder a little larger than the clay tube, heated by 
tiKana of plantiniim wir« iltemsieliTs raised to incandescence by 
•n dwirie current: tacking this, a bath of molten lead or other 
iihillvn itietal may he iised. Great care must be exwdsed to keep 
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the different parts of the tube at the same temperature, lest con- 
vection currents interfere with the separation by gravity, and all 
^iiaiion of the tube must be avoided. 

In case either metal is liable to oxidize, a reducing atmosphere, 
Wat least a neutral one, should be provided. 

After allowing time for this separation by gravity, and with 
as Utile agitation as possible, the two ends of the columns of metal, 
which are the parts where separation should be most complete, 
itould be cooled as rapidly as practicable, for instance, by holding 
'chills," i.e., chilled pieces of iron against them. For this pur- 
pose the iron might previously have been cooled in a freezing- 
inixture. The object of this rapid cooling is to prevent the 
•pproach to equilibrium which has been reached at T from being 
riiisturbed by long exposure to any lower temperature in cooling. 

Provision should be made for giving access to the upper and 
»>vi*er end of the tube so that the chills may be brought in contact 
'"'th them without removing the tube from the furnace. To this 
^i the upper section of the furnace may be movable, and the 
'ovi'erone may be provided with a suitable aperture. 

After the whole has solidified and been thus cooled, borings 
'■"oni the two ends should be analvzed so as to give an approxima- 
['cn to the saturation-points. The ends should further be exam- 
'"ed under the microscope, to see whether any panicles of the 
^'tcess dissolved at T' has failed to remove itself by gravity at T, 
^d to obtain an approximate idea of the quantity of this excess. 

This observation should enable us to apply a correction to the 
"^feet results of our chemical analysis. 

The method here described is a modification of that of Dr. 
C. R. .\lder Wright.* 

114- The Course of Selection. Temperatuse-com posi- 
tion Curve of the Frozen Continent during Selective 

:h!XG. — We have seen that the curve which represents the 
iperature and composition of the mother-metal during selective 
;zing, say of bismuth-bearing tin, is a fragment of one and 
'w same line, whatever may be the initial composition. Thus 
"'he molten alloy has composition q", Fig. 49, p. 136, this curve is 
^ "agment of the line AP. beginning at q and running towards B. 
"f molten alloy of composition w" it is also a fragment of this 



* Proc. Royal Sac, XLV, pp. 465 and 471, 18S9. 
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I same line, beginning al w and likewise running towards B. For 

tach inilial composition, then, the temperature-composition curve 
01 the mother-metal is some one fragment of this line AB; and 
if HE select initial compositions near enough together, manifestly 
their fragments of this hne AB must overlap, and where they 
overlap they coincide. 

The reason why it is a single line of which these several 
temperature -com posit ion cur\*es are simply fragments is a simple 
me. At each instant during selective freezing (assuming equi- 
librium 1 the mother-metal is at its freezing-point; and as the 
irfeziiig-point for any given monientar\' composition of mother- 
metal is quite the same no matter what the initial composition 
of the molten mass was, so for each momentary composition of 
mother-metal one and the same point represents its temperature 
and composition no matter what the initial composition of the alloy. 
So too of any scries of temperatures, i. €., of any fragment of the 
treeiing-point curve. If two alloys have initially so nearly the 
Mine composition that in freezing a certain part of the range of 
composition, through which the mother-metal of the first passes, 
overlaps part of the range of composition through which the 
molher-mctal of the second passes, then at each temperature in 
ihat part which the two have in common each mother -metal must 
liave the same composition as the other, since for each of them 
'his composition is that for which this temperature is the freezing- 
point. Gut this is simply saying that where these two temperature- 
'OiTiposition curves overlap they are identical. And so on for every 
"Iher fragment of the line AB. 

N'ow, always assuming that the conditions throughout are 
'hose of equilibrium, just as one and the same line AB is the 
^fmperatu re-composition locus for the mother-metal during freez- 
'"Si tor all initial compositions of the molten alloy between A and 
"■ so there is a second line, Aa, Fig. 49, which is the temperature- 
■^oinposition locus for the part already frozen, the frozen conti- 
"^nt, which line holds true for all initial compositions of the 
""ilten alloy between A and B. No matter what the initial com- 
I'Osition of the molten alloy as a xvhole before freezing begins, 
'ht^ leinpc rat u re-composition locns for the resultant frozen part 
'*' ^luring selective freezing, some one fragment of this line Aa. 
'" short, as during selective freezing the composition and tem- 
PfWure of the mother-metal slide along the line AB towards 
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B, so simultaneously do the temperature and composition of x:- 
frozen part slide along Aa towards a. And, because the ler 
perature of frozen mass and mother-metal are assumed to 1 
identical, so the temperature-composition point for the froz* 
part must at each instant be the point on Aa having the san 
ordinate as the temperature-composition point on AB for tl 
molten mother-metal, at that same instant: in short, at any ii 
stant the frozen-part point on Aa must be horizontally opposi 
the mother-metal point on AB. 

Let us temporarily assume that the two extremities of th 
temperature-composition curve for the frozen part in eqnihbriun 
are Aa for alloys at the left of B and Ce for alloys at the rigl 
of B. In § 118, p. 141, we shall see thai this must be true. 

These assertions, be it understood, assume that equilibriui 
exists. In particular the temperature is assumed to be absolutel 
uniform throughout the mass, both molten and frozen; and it 
assumed that diffusion has completely effaced the heterogeni 
ousness which freezing sets up both in the solid and in tl 
molten parts (Fig. 42, p. 96), so that the frozen continent has b< 
come uniform throughout in composition, and that the mothei 
metal also has. During freezing itself, the outer layers of the froze 
part, those through which the heat escapes from the system, ai 
cooler than the inner ones, and these in turn than the molte 
mother-metal. Manifestly this condition of equilibrium for an 
given temperature could be reached only by holding the tempei 
ature constant at that point until this equalization both of ten 
perature and of composition could effect itself through diffusio 
and conduction, aided in the molten part by convection; in shor 
only by completely arresting the freezing and the removal c 
heat from the system. This condition of equilibrium, then, 
one which would not actually be reached in any given freezin 
unless it were thus artificially arrested. But it is of importan< 
as showing the condition towards which affairs tend. 

115. Reasons for this Curve. — How comes it. now, thi 
the temperature-composition curve of the frozen continent is 
fragment of one and the same line, no matter what the initii 
composition of the molten alloy is when it is all molten ? Simpl 
because, for given temperature and composition of the molte 
mother-metal, there is only one temperature and composition whic 
the frozen part can have if, as we assume, it is to be in equilil 
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rium wiih ihat niother-meial. The temperature of the two parts 
in any given case is clearly identical for equilibrium, since were 
one hotter than the other, heat would quickly flow from it to 
iliat other and continue flowing until thej- reached the same 
'empcralure. Hence the temperature-composition point repre- 
senting the frozen layers must, at any given instant during 
(reeling, be on the same horizontal line as the point repre- 
senting the mother-metal. 

And since the temperal lire-composition curve of the mother-' 
metal during freezing is a fragment of one and the same line 
■■IB or CBj no matter what the initial composition of the alloy 
*hen it is all molten : and since for any given point on AB or 
CB represented at any moment during freezing there is only 
"le foint which can represent temperature and composition of 
a frozen part in equilibrium with the mother-metal at that point 
on AB or CB, no matter what the initial composition of the 
illoy; so there can he only one scries of points, i.e., one line, 
which for equilibrium represents temperature and composition 
of ihe frozen part, i.e., one line only corresponding lo line AB 
ff"" the molten part, and only one line corresponding to the line 
^B. Just what the position of these lines is must be determined 
"leach case; but that there is one line somewhere to the left 
"snd of AB and one to the right hand of CB. representing the 
lonperaturc and composition of the frozen part in equilibrium 
'"'Ih the mother-metal represented by the horizontally opposite 
P^nts on AB or CB, is thus clear on reflection. 

116. Temperature and Composition of the Frozen Part 
^fDTHE Molten Motheh-metal during Selective Freezing. 

XoN-EUTECTi FERGUS Ali.ov, Metals G AND H. — First let 
"*• to fix our ideas, consider a specific case in Fig. 49, that 
of Ihe alloy 32 per cent of metal G and 68 per cent of metal 
", and let ns assume that we begin cooling it slowly from say 
550°, q". The alloy begins to freeze when the temperature falls 
""l (say 933°), and the very first layer to freeze out has com- 
position p, horizontally opposite q. (here sketched by eye as 
^ per cent G and 78 per cent H). This follows because this 
first smallest incipiency of a flakelet may be considered as the 
*niallest quantity which, in view of the size of the molecules 
Ihemselves, can possibly exist; a quantity not infinitesimal but 
of ihe same order of size as the molecules themselves ; in other 
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words, consisting of the smallest possible number of molecul 
and therefore of imiform composition throughout. As regal 
the composition of the frozen part, equilibrium exists, as 
clearly must whenever that frozen part is of uniform compo 
tion throughout. Thus, as regards the first particle to fre* 
out, we have only to assume uniformity of temperature, and I 
other conditions of equilibrium exist. This then places the fi 
frozen particle at p without awaiting diffusion. 

During the further fall say to q' (say 918") a success] 
of layers will freeze out each richer in G than the precedii 
If, now, the temperature is held constant at 918° until the d 
fusion of metal G in these different onion peels has compld 
itself, so that their composition has become the same throu( 
but. and equilibrium has thus been reached, then as aires 
pointed out, the composition of this frozen mass will be rep 
sented by the point p' ou Aa horizontally opposite the point 
which represents the composition of the remaining molten moth 
metal with which it is in contact. 

Clearly, when the whole of the alloy has solidified and 
composition has by diffusion become uniform, that composit 
must be the same as that of the original alloy when molK 
for the frozen alloy is tJiat same initial alloy simply chan^ 
from a homogeneous molten to a homogeneous solid, wilhi 
adding to or taking away from its initial composition. Its co 
jKisition, therefore, must be on the same ordinate as the inil 
composition, q" and q; and since, because it has now beco 
homogeneous it is on Aa, it must be r, the point on Aa \'ertica 
imder q" and q. 

If just before the very last flakelet froze, and when I 
molten mother-metal had thus been reduced to its smallest p 
Bible quantity, the temperature, which would now be substantia 
that of r, were held constant until the wlioie of the frozen mi 
became homogeneous through diffusion, so that its compositii 
following the reasoning in the last paragraph, had become si 
stantially r; then, since the composition of the mother-metal 
any instant when the frozen mass has become homogeneous 
the point on AB horizontally opposite the com posit ion -point 
Aa of the frozen part, the composition of this last particle 
molten mother-metal must be the point opposite r. i. c, it m' 
be s. 
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^^P In short, the temperature and composition of the mother- 

^" nietal at the beginning and end of the freezing are q and s 

respectively, and those of the frozen mass p and r, of whicli p 

's horizoiilally opposite q, r vertically under q, and s horizon- 

laliy opposite r. 

1 17. Barely Non-eutectiferous Alloy of Metals 
^-No H. — Let us next consider the cooling of the mohen alloy 
of composition w". This is on the same ordinate as a. But a 
"s the western boundary of the eutectiferous range (see § 105. 
P- 121). In other words, it represents nietal H exactly saturated 
^vhen solid with G. Were the moUen alloy to contain more of 
fttetal G than this, be that excess of G ever so small, that would 
supersaturate the freezing metal //, and consequently in the 
<:oHrse of selective freezing the enrichment in metal G of the 
freezing layers would reach the saturation-point before the whole 
of the mother-metal had frozen; and the remainder of this 
•nciher-metal would in freezing split up into the eutectic (see 
§ ^ P' 7^)- I" short, our present alloy of composition w", 
'rom considerations with which we have already become familiar, 
^^^ barely non-eutectiferous. 

^^k 1 18. Position of the Extremities of Temperature- 
^^FoMFosiTiON Curve for the Frozen Part. — The temperature 
^^*t which the freezing ends in case of any eutectiferous alloy, and 
^f an alloy which is barely non-eutectiferous in the sense of being 
f*f the composition which exactly bounds the eutectiferous range, 
*^ the eutectic freezing-point, through which the line aBc rinis. 
"^Uch an alloy which bounds this range we may call a boundary 
^^loy. If, now, suth a boundary alloy is frozen, and, on reaching 
'■'»« lower freezing-point at which its freezing would end, it is 
f*^ld at stationary temperature until diffusion has completed 
•tself, it will be wholly in equilibrium, and on this account it 
^'ill he a point on the temperature-composition curve for the 
^^'ozen part under conditions of equilibrium. Its temperature and 
*-*^mposition will both be represented by point a. Hence point a, 
"'hich represents the boundarj-' of the eutectiferous -range and 
3 the eutectic freezing-point, is one extremity of this curve. 
Oearly the other extremity is the point A. For, if our 
initial molten mass is not an alloy at all but simply pure metal 
", then when it freezes no selection can take place ; throughout 
f^t freezing both mother-metal and frozen part are pure metal 
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H; and also tlirougliout the freezing the temperature is A. Th. ^^s 
point A, then, is one point representing equilibrium for bofc:^^ 
temperature and composition for both the mother-metal and iL '^ 
frozen part cUiring freezing. It is the extremity of the temper^^" 
tu re-composition curve for both molten mother-metal and froz^^^" 
part, for alloys at the left of B. 

So, mutatis mutiUidis, C and c are the extremities of th: -*'* 
same curve for alloys at the right of B. 

119. EUTECTIFEHOUS AlLOV OF MeTALS G AND H. L^ - ' 

US next consider ihe cooling from 900° of an allo\' of 37 per cer^ — 
of metal H and 63 per cent of metal G, represented initiaUy t*:^^ 
the point 11". When the alloy in cooling reaches temperalure 1^ 
say 818°. it begins to freeze, and the first frozen particle will hav-^' -* 
composition n', horizontally opposite n on the line Aa, or sa^-^ 
52 per cent of H and 48 per cent of G. As the temperatur~^K J 
further falls and freezing progresses the composition of the froze; ^^s* 
part, assuming always that diffusion has made it homogeneous*^ 
will slide along Aa from «' towards a. while the composition od* 
the remaining mother-metal will slide along AB from » towardt> 
B. When the temperature reaches B the frozen mass will hav"^-^ 
composition a. or say 42 per cent of H and 58 per cent of 
while that of the remaining mother-metal will have reached 
or 28 per cent //. 72 per cent G. 

As the frozen mass at this instant contains only abbut 58 ; 
cent of G, a, whereas the initial mass contained 63 per cent 
G. n. it is evident that the difference between these two amouni 
must be represented by the existence of a still considerable quar 
tity of mother-metal. Now begins the eutec tic -freezing period. 

Up to this point the freezing has been selective, i. e 
the layers freezing out have been richer in metal H than th 
mother-metal from which they freeze, so that this mother-mi 
has been growing continuously richer in metal G and hence mor- 
fusible. But at this point selection ceases for the reason already 
explained, that the mother-metal has now reached the compositioc 
of lowest freezing-point, and consequently no further selectior 
can further lower the freezing-point. Hence the remainin^^^ 
mother-metal now freezes without selection, but in freezing splits 
up into a conglomerate of separate flakes of G saturated with /Z' 
■and of H saturated with G. 

But as the mother-metal is now of the eutectic composition. 
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('he conglomerate into which it now splits up will be the true 
fU'ectii;, as we saw in § 74, p. 84. We have thus three bodies in 
''lis conglomerate : ( i j the excess or previously frozen part, metal 
" saturated with metal G, saturated because we now are assiim- 
'"g that equilibrium has been reached ; (2) the flakes of metal //, 
''">rming part of the eutectic, also saturated with G (§ 74. p. 84) ; 
^"d 13) the flakes of metal G, forming the remainder of the 
^uieclic and saturated with H. Manifestly (i) and (2) cannot 
'J'ffusc into or otherwise react on each other, because ihey are 
•^f identical composition; and (3) cannot diffuse into either of the 
•filers, for the reason given in § 73. p. 80. Hence, in short, the 
Eutectic which forms through the freezing and splitting up of the 
fnother-metal at temperature B remains as the eutectic, and is not 
^^bsorbed into the previously frozen part. 

^B^ This, as before, is on the assiunption that the previously 
^^6x)zen part has become uniform through diffusion. 

The fact that the composition of the mother-metal remains 
Constant during the remainder of the freezing implies that the 
tt^mpcrature at which the freezing now completes itself is con- 
stant; and this part of the freezing' is therefore represented by 
I*oim B. 

During the eutectic-freezing period, the conglomerate of 
''■''licti ibe now frozen part consists is the saturated solid solution 
'^' G ill H formed during the excess- freezing period, and called 
"^iV>stance (i) above, which remains constant in quantity, plus a 
iTfiigressively increasing quantity of eutectic. 

120. Summary of the FoREr^iNC. — In short, in Fig. 49 
"'tr loci for temperature and composition are as follows: 



"■ "ing llie excess-f tee ling, ot soli 

generating, or selective period . 
"••"Ing ihe eutectic-freezing period. 



During the former period the frozen mass, assuming that 

'^'fusion completes itself, becomes homogeneous; during the 

'••tter it remains a conglomerate of (i) the eutectic and (2) the 

**turaied solid solution of metal H saturated with metal G, the 

*'tUratJon of this solution preventing diffusion of the eutectic 

"to it. 
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121. Temperature-composition Cukve of the L.\ye 
IN THE Act of Depositiojj, — We may represent graphically 
this same diagjam the temperature-conipositioti locus of still 
third entity, the layers in the act of depositing at any giv 
instant, as distinguished from the average of the mass alrea. 
frozen at such instant. Thus, starting as before with compositt' 
q", the first deposited layer has, as we have seen, composition 
the last particle of mother-metal to freeze has composition 
but the last layer to freeze must necessarily have the compositi 
of the last particle of the mother-metal to freeze, since it is t 
latter which in freezing turns into the former. Hence the cot 
position of the last frozen layer is s; and tlie composition of ti 
successive layers to freeze out will lie along the line ps, thouj 
as to the shape of this line nothing is here said. l>s evidently co 
responds to the part BC of Fig. 30, p. 71. 

Note here a radical difference between these present curvi 
and the other temperature -composition curves AB, CB, Aa. C 
and aBc. For whereas each of these latter five applies to a who 
series of initial compositions, the curves for each of wHiich a 
simply individual fragments of these five curves ; the curve f< 
the layers in the act of freezing is a different one for each initi 
composition, 

122. The Same Curve for a Eutectiferous Allov.- 
Taking now the case of an alloy so rich in metal (7 as to t 
eutectiferous, say with initial composition n", the first layer 
freeze will as before have composition n'. The last layer to free 
will in this case be of eutectic composition B. But the temper 
tu re- compos it ion locus should not be a sim|Dle one, tilB, as 
case of our non-eiitectiferous alloy q. With falling temperatu 
the composition should indeed slide along n'B, but on meetit 
the saturation-point curve Daa' at /, further enrichment of tl 
depositing layers should cease, for the reason that they have no 
become saturated with metal G. (See § 66. p. y;^.) Heiicefor 
their composition should simply be that of saturation, i. e., wi 
falling temperature it should slide along la until it reaches 
simultaneously with the arrival of the mother-metal at eutecl 
composition and freezing-point B. But that which hencefor 
freezes is simply the eutectic ; so that the locus of the temperatu 
and composition for the layers in the act of freezing is (i) fro 
n' to / and (2) from / to o; (3) it then leaps from a to B witbo 
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'''veliiig along aB progressively. The progress from «' through 
^ '0 is per gradum, that from a to B is per sahum. This 
■presents the abrupt demarcation of the eiitectic which we find 
under tlie microscope. 

123. Correspondence between the Cooling Cltrve and 

^E TemPER.\TURE-COM POSITION CURVE OF THE FREEZING 

*-AV£RS. — Turning now to Fig. 31, p. 71, for a given initial com- 
position n" tlie correspondence between it and Fig. 49 is as 
f'^Ilows : 

■ nr,. 31 Fn;. 49 
■-^cesi-f reeling period 

Subsaturalion division B/l' nl 

Catenation division B'C li 

^Ulectic-freezing period CD B 

124. No G-\p IN THE Saturation -POINT Curve. — From 
*he fact that between the lower boundary of the molten region 
^f the freezing-point curve, ABC, Fig. 50, and the upper bound- 
^*^', AaBcC, of the frozen region there is a pair of gaps, the 
*i"iangles AaB and CcB, it might at first sight be thought that 
tliese triangles were a sort of no-man's land ; that they belong 
''either to the molten nor to the solid stale ; hence that no alloys 
^'tlier molten or solid are really represented by them; hence, 
''^ally, that the saturation-point curves for the solid state should 
*^«i only from D \o a and from E to c. and that the intercepts 
***>' and cc' have no true existence and should be struck out. on 
iHe ground that it is unfair and misleading to draw curves repre- 
senting the properties of non-existent substances. 

But this is fallacious. The fallacy comes from ignoring the 
'act that AaBcC is the boundar.- of the solid region only on the 
■Assumption that that region has become homogeneous through 
^'(fusion. But during diffusion alloys in these triangles come 
^*niporarily into existence, and these ephemeral alloys have nat- 
urally a definite solvent power, just as much as if they were 
Permanent, Hence we are quite justified in drawing the parts 
"a' and cc' through these triangles. The fallacy then is in sup- 
posing that these alloys, because only ephemeral, do not exist. 

That they do exist may be made clear by refreshing our 
"lemory as to what happens in the freezing of an alloy say of com- 
position 5", Fig. 49. Let us assume that only the last smallest 
panicle of mother-metal remains unfrozen, and that equilibrium 
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has been established throughout. We have seen that, in this 
the composition of the already frozen part is substantially r, 
that of the molten mother-metal is s. Let us now suppose 
through further removal of heat from this system, this 
particle of mother-metal is deposited with composition s, 
the previously frozen part with composition r. Immediate! 
excess of metal G above ratio r in this last deposited layer h 
diffusing back into the previously frozen layers, and coni 
(temperature and time permitting) until this flake like th< 
of the mass reaches composition r. Now between the ir 
when this flake was deposited as j and this later time wl 
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Fig. 50. Freezing-point and Saturation-point Curves. 



reaches composition r through diffusion, it will have every 
position intermediate between ^ and r. And in the same 
every other point in the triangles AaB and CcB can be s 
to have a real existence, even if a brief one. 

Even the triangles adB and cc'B have a real existence, 
again assuming that equilibrium has been established, the 
particle or flake to freeze from a molten alloy initially of 
position /" (Fig. 49) will have composition /'. When this 
freezes, it will split up into a flakelet of a saturated solid sol 
of G in //, and another flakelet of a saturated solid soluti< 
H in G, simply because it lies within the saturation-point c 
(§ 108, p. 125.) (Note this distinction between this last dep< 
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e as a whole, and the twin flakelcts. of which it is composed, 
' one a solid solution of G in H and the other a solid solution 
-i H ill G.) Let us call these flakelets G and H. As the earlier 

>itc«cn part with which these flakelets are in contact is unsaturated 
with metal G (composition tf, part of the metal G in the flakelet 
a will begin diffusing into this older part, shifting the com- 
position of flakelet H to the left, and thus leaving it unsaturated 
with G. But we saw in § io8, p. 125, that any alloy within the 
Sluration-poim curve must (for equilibrium) consist of distinct 
particles of each metal saturated with the other. The fact that 
wir llakelet H is unsaturated with metal G leaves it and its twin 
'laktlel of H-bearing G out of equilibrium, which will reestab- 
'i*!i itself by a readjustment of the G and H in these two flake- 
''^ts into two new ones each saturated. The flakelet G will be 
^'nailer than before, in accordance with this diffusion of G into 
'tie older layers that has already occurred. 

But the process which led to the first transfer of metal G 
"Oai our flake of composition /' into the older layers will con- 
^">ue, and with it the composition of the flake as a whole will 
'^'ft to the left. But this flake will continue to consist of two 
•^'stinct flakelets until its composition crosses aa' at /, when 
"^ last particle of //-bearing G will vanish and we have only 
•^r retiiaining flakelet of C-bearing H. M I it will be satu- 
■^tet] with G : as its G continues diffusing into the older layers 
"<! the composition of our flakelet travels towards I, it be- 
•^'nts unsaturated; with further diffusion of G it gradually 
Pproaches and at last reaches composition ( at the very time 
"en the older layers reach that composition, by the complete 
yl*ia!ization of the percentage of metal G throughout the dif- 
^•"eilt layers.* Thus every point between /' and / has a temporary 
^ ^ isience : and so, by like reasoning, has every other point in the 
^fe*angles a'aB and c'cB. 



Through a like fallacy it might well be thought that the 
"'iiion B'C of the cooling curve, Fig. 31, had nn Inie cxislencc. because, 
^'"liing 10 the tempera 1 11 re-composilion curves of the froien layers. 
'""!( layers reach saturation only at the moment when the eiiicctlc begins 
'f frt„e. 

But, like the fallacy already discussed in this section, this conies 
'""a confusing the composition of ihe frown layers, after they have be- 
"utit homogeneous through diffusion, with the composition of the layers 
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CHAPTER VI.— COOLING CURVES AND FREEZING-POINT 

CURVES OF SERIES CONTAINING DEFINITE 

CHEMICAL COMPOUNDS 

126. Series of which One Alloy is a Definite Cheuical 
Compound. — The copper and antimony alloys. Fig, 51, p. 150, lead 
us a step farther. These two metals form a definite chemical cmn- 
pound.aiitimonideof copper tCiigSbj?), represented by the ordinate 
PA' ; so that the series of their alloys really consists of two parts, 
those in which copper is in excess over this ratio and those in which 
antimony is in excess over this ratio. If copper is in excess, as in 
the left-hand part of Fig. 51, we have in effect alloys of copper with 
antimonide of copper. If, as in the right-hand part of that figure, 
antimony is in excess, we have in effect alloys of antimony with 
antimonide of copper. We naturally expect a critical point in the 
freezing-point curve at the composition of this antimonide of cop- 
per, and indeed in the corresponding curves for the various physical 
properties, because a given addition of copper to copper-antimoiiide 
should produce an effect different from that which a like addition 
of antimony to the copper antimonide should cause. It so happens 
that each of the two series of alloys, copper plus copper-antimonide 
and antimony plus copjjer-antimonide, is eutectiferous, so that each 
series has its own eutectic. Thus taking the series of copper-anti- 
mony alloys as a whole it presents two eutectics, one rich in copper, 

in the act of freezing. It is the composition of these latter layers thus 
removed out of the molten mother-metal which determines the raiuditr 
of its enrichment. And, while it is quite true that the frozen layers, made 
homogeneous through diffusion, reach saturation at the lime when ilie 
mother-meial reaches the eutectic composition and freezing-point; it IB 
also true, as shown in Fig. 49, that the composition of the layers in the 
act of freezing, which must necessarily be intermediate between that of the 
already frozen mass and thai of the mother-metal, must cross the 5atilr»- 
tion-point line Daa' before the mother-metal reaches S. 

Indeed, it is because I have actually found that both these ^llades 
confused even intelliBent posl-graduate students, that it has seemed worth 
while to write the present section. 

These fallacies show us how dangerous is the convenience of such 
graphical illustrations as that of tlie temperature-composition curves of the 
frozen layers made homogeneous. The student readily loses sight of the 
assumption on which alone these curves are true, 1 
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HB, the other rich in antimony, B'. In any given alloy of course only 
one of these etitectics could be present. The eutectiferous alloys 
rich in copper, represented by the region aBc, contain the eutectiC^ 
B rich in copper; while the eutectiferous alloys rich in antimony, 
represented by the range a'B'd, contain the eutectic B' rich in 
antimony. (As usual, equilibrium is here assumed to exist.) 

Taking four typical alloys at random, those containing 20, 
38, 60 and 80 per cent of antimony respectively, their constitu- 
tion would be as follows :* 



^ 






B, Coppei and copper-anti- 

monide 
B, Copper and copper-anti- 

and copper- 



/■■'. 



and copper- 



Copper (coniaining aniitnonide 

dissolved in it) 
Copper- an tin) on ide (containing 

copper dissolved in il) 
Copper -anti monide (containing 

antimony dissolved in it) 
Antimony {containing copper- 

aniitnonide dissolved in it) 



127, Series of which Several Members are Definite 
:EMiCAL Compounds. — The case of gold-aluminium alloys 
is still more complicated, for there is evidence tending to show 
that gold and aluminium form no less than five different definite 
chemical compounds. Hence the complexity of their freezing- 
point curve. Fig. 52. These alloys are of special interest from the 
fact that one of them. AuAIj (H), a purple alloy discovered 
by Sir William Roberts-Austen, is not only much more infusible 
than the mean of gold and aluminium, but has a melting-point 
very close to that of gold.f 

* Roberts- Austen and Stansfield. Rapports Prhtniis ou Congrii 
International de Physique, Rhini A Paris en 190a, I, p. 394, Fig. 19. 
A. Stansfield, private communication, January 31, 1902. 

The matter is complicated still farther by the fact that some of the 
»lloys rich in copper undergo after solidification the transformations 
represented by the line dc, a complication which, to simplify our present 
Mnilj'. ive may leave out of consideration. 

t There is a prevalent belief that the melting-point of an alloy ig 
alwijfs belovif the mean of the melting-points of the constituent metali. 
*f^i«. however, is not necessarily true. Indeed some alloys have a melting- 
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In still other cases, the definite chemical compound which 
two metals form may itself form a eiitectiferous series with one 
of those metals, but a non-eutectiferous or solid-solution series 
with the other. The freezing-point curve of the former series, 
occupying one end of the diagfcm, should be of* the familiar 
underscored V-shape, while that of the latter covering the other 
end of the diagram should be smooth : so that the diagram as 
a whole should have the general shape shown in Fig. 53. 

128, Meaning ov Superior Analysis. — We can now see 
what is meant by saying tliat the study of the constitution of 
alloys, for instance by means of their freezing-point curves, 
gives us a method of superior analysis. For instance, if one 
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FiK- S3- Suppositious Freeiing-poini Curve ot a .Series Conlaining a Definile 
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should determine the cooling curves of pure lead, pure tin and 
the lead-tin alloys with say 20, 50, 70, and 90 per cent of tin, 
and should plot from their freezing-points the freezing-point 
curve of the series, he would find that it was of the family 
of Fig. 24, and he would at once have ground to believe that 
they formed a single series, eiitectiferous through at least most 
of its length, and free from any definite chemical compound, 
Examining a similar series of gold-silver alloys he would have 
ground to believe that they formed throughout a solid-solu- 



point higher than that of either of the constituent metals. Thus C. R. 
,^Idcr Wright reported in 1892 that, in case of the alloys ot antimony and 
ith certain proportions alloys are formed exhibiting meking- 

s much above those of cither antimony or aluminium." (Sour. Soc. 

I. indus., Xr. 493, 1892.) 
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tion series of alloys. And in the case of copper-antimony alloys 
he would similarly, from the mere inspection of the freezing- 
point curve, infer the general plan of constitution described 
in § 126, p. 148. In the first and the third case the directior 
of the V-shaJied branches would indicate approximately the com- 
position of the eutectic or eutectics, and in the third case th( 
composition of the definite compound. Here then are the crit- 
ical points indicated approximately by a very few and very easj 
observations. The investigator is in a position to " throw himsell 
on the hinge," and examine immediately the alloys at and neai 
these critical points, for these are the ones which are likdy to 
have the maxima or minima of the various useful properties. 



CHAPTER VII. -VARIATIONS IN ELECTRIC CONDUCTIVITi 
AND OTHER PROPERTIES OF SERIES OF ALLOYS 

129. Electric Conductivity. — While the manner in whict 
the other properties, for instance, the electric conductivity, of < 
series of alloys, vary from one end of this series to the othei 
at the room -temperature, in short the electric-conductivity-com- 
position curve, also may throw light on the constitution of tht 
alloys of that series, yet its indications are far less instructivt 
than those of the cooling and freezing-point curves, 1. e., of oui 
thermal study. These latter tell iis the history of each individual 
alloy as it traverses a long range of temperature, and recorc 
each birth and transformation within it; while the electric- 
conductivity-composition curve for given temperature gives simplj 
the conductivity of the cold alloy, (giving if this is composite tht 
average conductivity of its constituents) with no suggestion ol 
the genesis of those constituents. 

But were our study of electric conductivity parallel with out 
thermal study, it should give indications of great value. Le 
Chafelier has already used this method.* Let me explain my 
meaning. Instead of determining simply the conductivity in 
the cold of several different alloys of a given series, let us fol- 

•Le Chatelier, "Sur la Resitance Eleclrique des Alliages" iContri- 
bulion i rStude des Alliages, Commission des Alliages, 1896-1900, p. 413)1 
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low for each of those alloys the variations in conductivity which 
occur as it cools from the molten stale downwards to the cold. 
Willi a pair of autographic galvanometers, one recording time 
Md temperature, 1. e., the cooling curve, and the other recording 
simultaneously time and conductivity, we should have two records 
of the genesis of each constituent of the alloy, one the thermal 
t^ffect of that genesis, the other the variation in electric conduc- 
livily which the birth of the httle stranger introduces. Then 
'ram these two sets of curves we should plot a general diagram 
""] the principle of the freezing-point curve, with temperature 
3s ordinate and composition as abscissa, drawing on this, as on 
"Ur freezing-point curve, the loci of the critical points in the 
'wnpt rat ure -conductivity' curves. 

The principle of such an autographic arrangement is ex- 

^'"eniely simple. The beam of light from the galvanometer 

'^^irror moves to the right and left in a horizontal plane, fol- 

''^V'ing, if the galvanometer indicates temperature, the varj'ing 

'■^ermo-electric power, etc. To obtain an autographic record 

*^f these deflections of the galvanometer it is simply necessary 

*-* fxus the beam of light upon a photographic film moving in 

*"^e vertical plane. This film may be rolled on a cylinder, the 

^^^*cii of which is at right angles with the beam of light ; or, as is 

'** my opinion better, it may be on a photographic glass plate, 

^■^e surface of which is nonnal to the beam of light, or more 

^*^curately, to the beam in its position of mid-travel. The plate 

*~^ f glass moves vertically, and the resultant of this vertical mo- 

*"Dn together with the horizontal motion of the beam of light 

\s a curve, for instance a cooling curve, every inflection of which 

indicates a variation in the thermo-electric current passed through 

^ne galvanometer, due in turn to a variation in the rate of 

'tooling of the substance under observation. 

In order that the value of our results should approach that 
'it our thermal study, the range of temperature covered by our 
^ductivity determinations should start from a point above 
"'* freezing-point of the alloy, and should include the whole 
'^"ge of freezing in addition to the range between this and the 
rootn-iemperature. because it is in the freezing-range that most 
'^f the constituents of our alloys come into existence. To deter- 
mine the conductivity of molten and of solidifying alloys would 
not be easy; but the difficulties are not insuperable. 
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130. Thermo-electric Poweh. — This same method should 
apply with great ease to the study of thermo-electric power. 
Here as before, with two autographic galvanometers we should 
get at the same time ( i ) cooling curves, telling us of the thermal 
effect of each transformation, and (2) thermo-electric- power- 
time curves ; and from these we should construct thermo-electric- 
power- temperature curves, telling us how the products of the 
several transformations differ in thermo-electric power. Then 
as before, constructing a diagram with temperature as ordi- 
nate and composition as abscissa, and drawing on it the loci 
of the critical points for thermo-electric power, we should have 
a reinforcement of the teachings of the freezing-point curve. 

The value of this method for thermo-electric-power study 
is of course limited by the fact that it must stop short of the 
temperature at which die alloy studied reacts chemically on the 
metal used as the other member of the thermo-electric couple. 
How serious this limitation would be remains to be seen. Where 
it confines us to temperatures below the lower freezing-point. 
the limitation would be very serious, because it would exclude 
us from a most important critical range. But for the study of 
transformations which, like those of iron and steel, occur within 
the solid metal well below the freezing-point, the method should 
be of very great value. 

Each of these methods promises a rich and easily won 
harvest. 

The same is true of the coefficient of dilatation, in the 
study of which Le Chatelier has already reached important 
results.* 

131. Electric Conductivity at the Common Tempeba- 
TfRE. — Returning to the electric conductivity of the cold alloys, 
a word may not be amiss as to the way in which it varies through- 
out different classes of series of alloys. This subject will be 
treated in §g 132 to 135. pp. 154 to 159. 

132. SoLiD Solutions, — If all the alloys of the series, say 
of gold with silver, were to consist of solid solutions, of silver 
in gold or gold in silver, then since the properties of our familiar 
liquid solutions in general vary progressively and without abrupt 



' Le Chatelier, " Sur les Propriiles des Alliages" {Contribution A 
l'£lude del Alliagtj, Commiiiion des Atliasfs. iBgS-iyao. p. 387). 
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changes or critical points as the degree of concentration increases, 
t. «•., as we pass from one end of the series to the other; so here 
we should expect the electric-conductivity curve to be a smooth 
one throughout, without inflections or critical points; and this 
Matthiessen found to be the case. (Fig. 54.) 

133. Series Eutectiferous Throughol't. — But what 
shape of electric-conductivity curve should we expect in case 
two metals are absolutely insoluWe in each other? Let us for 
the moment assume that this is true of lead and tin; then every 
alloy of these two metals wouid when cold consist of a euteclic 
[>lus crystals of pure lead or pure tin, according to which of 
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Kig. 54. Eleclric Conduttivity Curve of the Silver-gold Alloys. 
Mallhiessen. Repl. Brilish Jn,;., XXXIU, p. 46, PI. V, 1863. 



these two metals was in excess over the euteccic ratio: and 
the eutectic itself would consist of inters! ratified plates of pure 
lead an<i pure tin. The current in crossing such an alloy would 
have to eross'in effect simply a mechanical mixture of the crystals 
of pure lead and pure tin, and were there no breaks of contin- 
uity the conductivity of the whole should be the mean of that 
of pure lead and pure tin. This inference should not be affected 
the least by the fact that certain of these crj-stals are grouped 
r in the form of the eutectic. which for our present pur- 
t is simply a special form of mechanical mixture. In slioit, 
' electric-conductivity curve should be a straight litie, and 
[his Matthiessen found it to be for the lead-tin and for several 
I- groups of alloys. (Fig, 55.) 
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But unless we were quite sure that the conductivity curve 
was really a perfectly straight line, it would not lell us whether 
the alloys were solid solutions or mechanical mixtures, because 
the electric conductivity of the solid solutions of two metals 
in eadi other might differ only very slightly from the mean con- 
duct i^ty of those metais, and indeed might be exactly that 
mean ; in other words, the smooth electric-conductivity curve 
of a solid-solution series of alloys might deviate only very slightly 
from a straight line, and conceivably could be exactly a straight 
line. Here then the teaching is inconclusive, 

134. Series of Limited Mutual Solubility; Bismuth- 
Tin Type, Partly Eutectiferous. — We have seen in § 60, 
p. 68, and Fig. 49, p. 136, that these series, while eutectiferous in 
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Fig. 55. Electric Condiiclivily Curie of Ihe I^ad-lin Alloys. 
Mauhieasen, Ript. Bntisli Anvc. XXXIIl, p. 46. PI. V, 1863. 



the middle, are solid solutions at their ends. The copper- 
silver alloys belong to this general class, but the solid solution 
part of the range is verj' short. Apparently all argentiferous 
copper containing more than about i per cent of silver and all 
cupriferous silver containing more than about i per cent of 
copper are eutectiferous. The electric-conductivity curve of this 
series. Fig. 56. appears to reflect the sol id- solution part of the 
series by the smooth curve or nearly straight line at either 
end of the diagram. Moreover, Fig. 31, p. 76, shows us that in 
the eutectiferous part of the diagram, the successive layers of 
such alloys, taken at the moment of their deposition, consist of 
(i) an unsaturated solid solution progressively approaching sat- 
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uratioii, so that each layer in it contains a larger proportion of 
Ihe dissolved metal than the preceding layers (part BB'), plus 
(2) a saturated solid solution, the composition of which should 
van' slightly from layer to layer as, witli the fall of temperature, 
the saturation-point gradually shifts (part B'C), plus (3) the 
cutectic (part CD). And, if part of each of these three divisions 
persists, 1. e., if diffusion has failed to efface this initial hetero- 
geneousness but has left part of it, then the electric-conductivity 
curve, even in the eutectiferous region of the diagram, need not 
be a straight line, but might have a critical point at the eutectic 
composition. For as we pass to the left of this point ive'have 
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Fig. j6. Electric Conductivity Curre of Silver-copper AUoya. 
Malthieuen, Phil, Trans. Royal Sec, C'L, p. 170, 1S60. 



the eutectic plus (i) a saturated and {2) a progressively varying 
solid solution of copper in silver, for which, at the right of the 
eutectic, like solutions of silver in copper are substituted. Thus 
we have two excess-substances at either end, if diffusion has not 
effaced the initial hetcrogeneousness. Now clearly the progres- 
sively increasing quantities of these solutions of copper in silver 
on the left should affect the electric conductivity differently from 
like quantities of like solutions of silver in copper on the right; 
hence the lines at right and left of the eutectic should be differ- 
ently inchned; hence in short, at the eutectic composition there 
should be a critical point. 
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For like reasons there might be critical points between the 
non-eutectiferous end-parts of the curve, and the eutectiferous 
range; and this latter range might itself be curved, and indeed 
a complex curvature may be expected, since each of the two 
excess- sub stances, the saturated and the unsaturated solid solu- 
tions at either end, may be of variable com|xjsition and quantity. 

In view of this complexity it is small wonder that the con- 
ductivity curve, Fig. 56, tallies poorly with the constitution as 
we have actually learned it by means of the microscope, and 
that the teachings of conductivity in general in the cold are of 
little value compared with the story which the microscope and 
the cooling and freezing-point curves tell. 

135. Series of which one Member is a Definite Chem- 
ical Compound. — As pointed out in § 126, p. 148, such a series 
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Fig. 57. General Shape of Elecliic Conductivity Curve of a Series of .Alloys of 
two Metals, of which series one metnber is a definite chemical compound, 
which in lurn forms with one metal a wholly eutectiferous aeries of alloys, 
and with (he other metal a soti(I.soluUon series. 



as a wliole really consists of two distinct series, (1) metal A 
plus this definite compound and (2) metal B plus this com- 
pound. Each of these series should have its own distinct diagram, 
the shape of which should be governed by the principles just 
explained ; and there should be a critical point at the composition 
of the definite compound, i. €., at the junction of the two dia- 
grams. Thus, if both series are eutectiferous from end to end, 
each diagram should be a straight line, and the diagram of the 
whole should be two straight lines meeting at a critical point, 
the composition of the definite compound. If both are solid 
solutions, each should have a smooth curve, and as before these 
curves should meet at a critical point, the composition of the 
definite compound. If one series consisted of solid solutions 
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and if the other series was eiitectiferous throughout, the curve 
ihouUl be of the shape shown in Fig, 57; etc., etc. 

We have now seen (§§ 131 to 135, pp. 154 to 159) the 
Vcex'cral different families of composition-conductivity curves 
' which should accompany the different types of constitution. 

0>nversely, on finding the shape of the conductivity curve 

of a new series of ailoys, we may apply like reasoning, and 

deduce the probable constitution of the series; which we then 

k proceed to verify with the microscope. How close correspon- 

I deuce will actually be found remains to be shown. 

136. Other Proi'EHTIES. — It requires little reflection to 
I see that what has been said as to the curves of electric conduct- 
I'ivity may be expected to apply to those of thermal conductivity, 
I hardness, density, dilatation and many other properties. 
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Fig. 5S. Electiomotive Foice of the Lead-tin Alloys. 
Laurie,/*™™. Ckem. See., LV, p. 677, 1889. 



137. Electromotive Force. — For the same 1 
^the case of the other physical properties, the electromotive- force 
Jcurve should be a smooth one if the two metals form a solid-solu- 
lon series of alloys with each other. But if the solid alloys are 
\ eutectiferous there is an obvious reason why the curve should be 
" of a very different family. 

The lead-tin alloys, for instance, may be regarded as mechan- 
ical mixtures of sheetlets of lead and of tin, in the form of the 
euiectic plus sheetlets of the excess-metal (see § 48, p. 62). If 
now we determine the electromotive ' force of these alloys in a 
slighily acid stannous chloride solution, using a sheet of the alloy 
** One pole and a sheet of lead coated with lead chloride as the 
^fier fiole, then, since only the sheetlets of tin in the alloy should 
Cause electromotive force, and since the sheetlets of lead should 
** inert, the electromotive force should be the same whether the 
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alloy contained much or little tin, since it depends on the dif 
ference of potential between the tin sheetlets in the alloy and th« 
lead electrode, and not on the extent of surface offered by thosi 
sheetlets. And such is the electromotive-force curve of thesi 

alloys found by Laurie (Fig. 58).* ^^_ 



CHAPTER VIII.— THE METALLOGRAPHY OF IROW 
AHD STEEL 

138. Introductiox. — Let us first survey in a general way 
the different classes of iron and steel, tlieir constitution, and theii 
properties. Let us next consider the genesis of that constitution, 
and in Chapter IX the correspondence between the changes in 
that constitution, 1. e.. the transformation in the solid metal, and 
the prominent methods of heat-treatment. 

139. GENiiRAL Survey. — What are the iron and steel oi 
commerce and industry? Examined under the microscope they 
prove to be composite or granitic substances, intimate mechanical 
mixtures or conglomerates of microscopic particles of certain quite 
distinct, well defined, simple substances, in widely varying pro- 
portions. The structure of these conglomerates is of the type 
shown in Fig. i, p. 3. 

The chief of these substances are, 

(i) pure (or nearly pure) metallic iron called ferrile, soft, 
weak, very ductile, with high electric conductivity, and in general 
like copper in its qualities, color excepted, 

(2) a definite iron carbide, FCjC, called cemetitite, which is 
harder than glass and nearly as brittle, but probably very strong 
under gradually and axially applied stress. 

* We may regard these alloys as mixtures not of chemically pure 
lead and tin, but of sheets of slightly plumbiferous tin and of slightly stan- 
niferous lead. From the drop of electromotive force as we pass from pur« 
tin to (in containing one per cent of lead, and the substantial horizontality 
of the curve to the right of this (for the deviation appears to be well within 
llle limits of experimental error), it appears that one per cent (or perhaps 
even less) of lead suffices to saturate tin; so that the composition and 
hence etectromolive force of the sheetlets of tin is independent of the total 
quantity of lead present provided this reaches one per cent, or the 
perhaps smaller quantity needed to saturate the tin. 
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Take immediately as the most important fact, the most 
essentia! part of the skeleton about which the various phenomena 
*ft to be grouped, that the great classes of iron and steel of 
chief value to the engineer and probably to the world at large, 
are essentially intimate mixtures or conglomerates of these two 
siriltingly different microscopic constituents, ferrite extremely 
**lt and ductile, cementite extremely hard and brittle, the former 
"^^ copper, the latter like glass. The properties of several of 
™ classes may indeed be influenced, and very profoundly, by 
'iierma! and mechanical treatment, and by the presence in certain 
•^f 'hem of slag or of graphite; but the fact on which our atten- 
"on should be concentrated at first is this, that the difference 
'" properties between the different industrial classes of iron and 
'teel are due chiefly to differences in the ratio which the ferrite 
''^rs to the cementite. 

What has just been said does not apply, it is true, to what 
^ called " hardened steel," which consists not of ferrite and 
wnientite but essentially of austenite, as will be explained shortly ; 
•^^ it docs apply to the great industrial classes of wrought iron 
"i of steel such as ship, rivet, fencing-wire, tube, rail and tin- 
'te steel, and indeed all structural steels whether for plates, 
■nis, eye-bars, angle-irons or any like object. 
The steels which are especially soft and ductile, c, g., the 
"^€t and boiler-plate steels, consist chiefly of the soft, ductile, 
"^per-like ferrite, as do those with very high electric conductivity, 
*^*^h as telegraph and telephone wires. In these steels the propor- 
"'^n of cementite may not exceed one per cent of the whole, 
Test consisting almost wholly of ferrite. 

The harder steels like rail steels, which are called upon to 
'ist abrasion, c. g., the grinding action of the car-wheels inten- 
'fied by the presence of sand between wheel and rail, have a 
"^uch larger proportion of cementite. About 93 per cent of their 
*otal mass is made up of ferrite and the remaining 7 per cent 
^f^sists of cementite. This quantity of cementite suffices to 
"•crease greatly the resistance to abrasion, while the loss of duc- 
tility which it causes, though verv marked, is not dangerously 

Naturally, as the proportion of cementite in steel increases 
"JUl that of ferrite decreases, the ductility diminishes continuously 
^i"! the hardness increases continuously; the tensile strength. 
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roaches a maximum when the ceinentite amounts to 
about 15 per cent of the whole, and the ferrite is about 85 per 
cent; with further increase of cementite the tensile strength again 
decreases. These facts are sketched roughly in Fig. 59. The 
lines in this figure are intended only to give a sort of bird's- 
eye view of the subject, because, for given constitution, the prop- 
erties vary very greatly with the treatment which the metal has 
undergone. Indeed, in case of hardness trustworthy quantitative 
data are not at hand. 

The constitution of steel is not in general reported in the 
percentages of ferrite and cementite : nor, indeed, are most engi- 
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Fig. 59. Physical Properiiea and Assumed Microscopic Conatitution of the 
Peadite Series. Graphilelesa Steel Slowly Cooled, and White Cut Iron. 
Note. — By "Total Fertile" is meant both that which fonns part of the 
pearlite and thai which ii in excess of the pearlile, taken jointly. So with the 
"Total Cen 



neers and metallurgists of to-day sufficiently familiar with this 
aspect of the subject to speak of it with confidence. But this 
is the aspect which the practitioners of the near future must face, 
and it is also that which enables us to understand the relation 
between the composition and properties of these different classes 
of iron and steel. Instead of saying that a certain kind of steel, 
for instance rail steel, contains" so much cementite and so much 
ferrite, it is customary to report simply the carbon which that 
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cementiie represents. For instance, instead of saying that rail 
steel contains about 7.5 per cent of cementite and nearly 92.5 of 
fertile, we habitually and for convenience say tbat it contains 
about 0.50 per cent of carbon, which is the quantity represented 

toy the presence of 7.50 per cent of cementite. (For the calcula- 
tion on which this statement is based see § 153, p. 182.) 
Besides these two constituents of prime importance, ferrite 
ind cementite, there are three others of moment ; these are graph- 
ite, slag, and austenite. 
Graphite: Gray Cast Iron. — Graphite is an important con- 
-tituent of cast iron, especially of gray cast iron, but for our 
present purpose we may regard it as either absent from steel or, 
'f present, only in unimportant quantities. 

Gray cast iron, the only kind of cast iron which can be 
widely used by engineers, may be regarded as a conglomerate 
of the second degree ; for it consists first of a mechanical mixture 
of ferrite with cementite quite as steel does ; while through this 
"iixtiire as a matrix* there is scattered much free carbon in the 
*onn of sheets of graphite as shown in Fig. 60, p. 164. A weak, 
.foreign body like graphite of course both weakens and embrittles 
f^ mass taken as a whole; hence the weakness and britlleness even 
' gray cast iron. 

The graphite itself is pure or very nearly pure carbon in 

"■y thin, flexible sheets, which form a more or less continuous 

*^leton running through the mass of gray cast iron. It 

**I*ears to be identical with the native mineral graphite (black 

*d. plumbago), 

IVhile cast iron typically would consist of cementite and 
rite quite as structural steel does, but with a much larger 
proportion of cementite, rising even to 67 per cent (say 4.50 
f**'" cent of carbon). Hence the extreme hardness and briltle- 
"^Ss of this class of cast iron, so extreme as to exclude it from 
""^t engineering uses. But most of the white cast iron of com- 
"'^'"ce has a constitution intermediate between this extreme type 
™ One hand and gray cast iron on the other; it contains much 
^T^ cementite than gray cast iron and much less graphite. It 
'S then, like gray cast iron, a conglomerate of the second degree. 
I consisting first of a metallic matrix which is itself a conglomerate 
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of much cementite with a variable proportion of ferrite, and 
second of a small quantity of graphite interspersed through this 
matrix. 

Slag: Wrought Iron. — Wrought iron consists essentially of 
a metallic matrix identical with low-carbon steel, in which is 
mechanically mixed a small quantity of slag, a silicate of iron; 
this slag is not nnimponant, yet it is far less important than the 
ferrite and cemcntJte of the matrix. 

Anstcnite: Hardened Stct'l. — Steel hardened by sudden cool- 
ing from a red heat consists essentially of austenite. a solid 
solution of carbon in iron of varying drpreet of concentration ( 



Fig. 60. Uray Cast 




in sand, fiilicon, 1.54 per cent; Sulphui. 
r, nt MtuUlosraphisI, III. p. 156). 



§ 149, p. 179). When austenite contains as much as one per cent 
of carbon it is intensely hard and brittle; and indeed its hardness 
and brittleness are roughly proportional to the quantity of car- 
bon which it contains. Hence steels for purposes which require 
extreme hardness, such as files and other tools for cutting 
metals and even wood, have from about 0.75 to 2.00 per cent of 
carbon, enough to give the degree of hardness required for the 
special purpose, but not enough to cause a prohibilorj- degree 
of brittleness : and they are " hardened " by sudden cooling. 

Besides the cutting tools, armor-plate and projectiles are 
liabitually made of hardened steel, and therefore consist essen- 
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■ lially of austenite. Tlius the austenitlfcrous Steels are of impor- 

■ lance, at least when contrasted with the non-ferrous metals ; but 
Ih* quantity of auslenitiferous steel in actual use is but an insig- 
nificant fraction of the non-austenitiferous, that which consists 
essentially of ferrite and cementite. 

On a general diagram or map of the iron-carbon compounds, 
5uch as Fig. 68, p. 134, each of these constituents has its Tiormal 
<"■ indigenous region, with limits of carbon-content east and west, 
""(1 limits of temperature north and south. Certain of these 
'mills are as yet imperfectly established, and indeed for certain 
''' these territories the normal constituents have not been deter- 
"iined with certainty. Further, these constituents are somewhat 
*"3gTant, and often stray far beyond'their indigenous region, or 
•^■fter their theoretical habitat. Nevertheless, this map, which 
y^ owe chiefly to Roberts -.Austen, Osmond and Roozeboom, aids 
'"dispensably in studying this whole question. No student can 
■"^ Said to have a good understanding of iron metallurgy who has 
"'*' mastered its general outhnes. 

Table 7, p. 186, gives an approximate idea of the constitution 
°^ these various classes of iron and steel. 

Heat- treatment. — As has been mentioned in passing, the 
P^or»enie5 of certain classes of iron and steel are influenced very 
S^^tly by thermal treatment. While this appears to act { i ) in 
^^Tt hy changing the size and arrangement of the microscopic 
Crystalline grains of which the conglomerate mass consists, and 
^*"obably {2) in part by inducing allotropic changes in the iron 
Proper, yet (3) a very large part of its influence is through shift- 
^^S the condition of the carbon between the three states of cem- 
^**iite or iron carbide (FcjC), austenite or solid solution of carbon 
."^ iron, and free carbon or graphite. In view of this latter mode 
"^ H-hich heat- treatment affects the properties of the metal, it is 
^t natural that its influence should in general be the more 
T'fonounccd the more carbon the metal contains. Thus wrought 
"^'tti and the very low-carbon steels containing from 0,06 to o.io 
l"-'r cent of carbon are in general but Uttle affected by lieat- 
^""eatment; while the high-carbon steels are influenced most 
^Uikingly. Cast iron, too, may be affected very greatly by licat- 
'■Tcatment. 

AUoy steels, such as nickel, manganese, tungsten, chrome 
I Wil molybdenum steel, have important specific qualities which 
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collectively are of importance; but their importance is 
to that of the great classes which have already been i 

To recapitulate, the essential distinction betweei 
iron and steel is that the former necessarily contair 
quantity of slag, which the latter lacks. The great ai 
distinction between steel and cast iron is that the ionm 
less carbon than the latter; the boundary between the 
put roughly at two per cent of carbon. 

Having thus taken a sort of bird's-eye view of the i 
may now take up some of the special points in much gre 

Table 4. — General Classification of Iron and J 
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great classes, wrought iron, steel and cast iron. The wrought iron is given in Koi 
the different varieties of steel in Italics, and all the different varieties of cast iron 
capitals. 
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140. General Classification of Irox and Steel. — 
^able 4 shows the different important varieties of iron and steel. 

TJiey may be divided ( 1 ) according to the presence or absence of 
slag into (A) the slag-bearing or weld-metal and (B) the 
>lagless or ingot -metal series; (2) according to their carbon- 
ontent into (A) low-carbon steel and wrought iron, (B) higher 
arbon steel and (C) cast iron; (3) according to whether their 
"properties are due chiefly to their carbon or to some other 
dement, into (A) the normal or carbon and (B) the alloy steels 
a*"! cast irons : and (4) according to the method of manufacture, 
*oio (A) Bessemer. (B) open-hearth steel, etc. 

Of these four bases of classification the second, carbon- 
^oitent, is decidedly the most important. 

141. Division into Three Great Classes according to 
^'^ 8 BOX -CON TENT. — Thus divided there are three great classes, 
^^"hich are as follows: 

(i) with less than 0.30 per cent of carbon, called soft or 
'^v-carbon steel when free from slag, and zvroug/it iron when 
^^^ntaining slag; soft, ductile and relatively weak (tensile strength 
®*y 50,000 to 80,000 pounds per square inch in case of steel), 
'■^■, weaker than the second class, higher carbon steels, yet far 
^^'^nger than cast irons, and with relatively little hardening power. 
*§ 139, p. 164), 

(2) with between 0.30 per cent and 2.00 per cent of carbon, 
^^lled medium and high-carbon, or half-iiard and hard steels, 
■^ar^er, less ductile, and stronger than the low-carbon steels, 
'^'ore ductile and far stronger than the cast irons, and with 
"^^rked hardening power. The tensile strength generally lies 
^^ti^-een say 80,000 and I30,cx» pounds per square inch. The 
f^»"<iness and hardening power increase, and the ductility dimin- 
^n^s as the carbon increases, in each case apparently without 
**^it: while the tensile strength increases with the carbon -content 
'•' this reaches about i.oo or !.20 per cent, and then again 
**^creaseB, 

(31 with more than 2.00 per cent of carbon, called cast 
**"o»i, which is much weaker and much less ductile than classes 
; *i and (2). Cast iron may be either "white," "gray" or 
' niotlled." 

In tvkite cast iron most of the carbon is chemically combined 
*itli the iron instead of being in the state of graphite. 
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Gray cast iron contains much of its carbon in the condi 
of graphite, so that tlie cast iron itself is a conglomerate of 
free or graphitic carbon mechanically mixed with the remair 
or metallic part of the mass, which may be called the "matr 

Mottled cast iron is intermediate in composition bem 
gray and while cast iron, having part of its carbon fret 
graphitic, and the rest chemically combined with the iron, 

Of these three kinds of cast iron, the gray is by far 
softest and least brittle, the white is the hardest and most br 
while the strongest cast iron is between the extremes of the g 
est and the whitest. 

Gray cast iron may be as soft as the low-carbon steels, 
white cast iron may be as hard and perhaps harder than 
even of the high-carbon steels; but all these cast irons are 
weaker and more brittle than cither low or high-carbon '. 
Thus all cast irons are weak and brittle, but some are very 
and others very hard. 

Fig. 59, p. 162, shows in a general way these three impo 
physical properties, the strength, ductility, and hardness of 1 
three classes of iron (for the moment leaving gray and mottled 
iron out of sight), and how these properties are related tc 
carbon -content. The whole may be summed up by saying 
as the carbon increases, the hardness increases and the due 
decreases, both without limit; but that the tensile strength rea 
a maximum with about i.oo or 1.20 per cent of carbon, 
decreases with farther increase of carbon. 

Wrought Iron, — The members of the weld-metal class 
tain a small quantity (usually from 0.20 to 2.00 per cent 
slag or cinder, (in this case a very basic silicate of iron oxi 
because they are made by welding together pastj- particle 
metal at a very high temperature, in a bath of this slag, i 
out subsequent fusion or other means of expelling it complt 
Of this series the only member today of importance is wro 
iron, which usually contains only a very little carbon. Its ( 
acteristic structure is shown in Fig, 61, in which the black str 
are little rods of slag drawn out in the process of rolling or I 
mering the balls, in which the wrought iron is first made, into 
or sheets. The remainder of the mass is essentially made u 
separate cr.-stals of nearly pure iron or " ferrite," interfering 
each other and hence misshapen. The differences in tint are 
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to differences m the way in which different cnstals are acted upon 
by the nitric acid or other reagent with which the specimen is 
ettJied, differences which in turn are due to such causes as differ- 
ence in orientation, i e., in the direction of tlie axes and cleavage 
of the different crystals. 

Wrought iron differs from the low-carbon steels, e. g., from 
those used for making rivets, fencing-wire, and the sheet iron 
used for conversion into tin plate by coating with tin, essentially 
in containing this small quantity of slag. Such steel is practically 



r 




Fig. 61. Wrought Iron Forged, Longitudinal Suction. 
Wiih the exception of ihe rodi of slag shown in bltck, the whole 
mUu of crystals of ferrite inlerfeting with each other and ther 
inihape. (Sorby.y,.*^ /r<.« an,/ She! Insl.. I, 1887, p. 255, c/ji^. 



from slag, for the simple reason that it is cast in a very fluid 
*'3'e into ingots or other castings, and that this fluidity enables 
""y slag present to separate by rising to the surface by gravity. 
The carbon -content of wrought iron and of such steel is sub- 
slamially the same, and hence their properties are closely alike, 
S3ve in so far as those of .wrought iron are affected by the presence 
of Ihis small quantity of slag. As such steel is actually made, it 
usually contains rather more manganese but less phosphorus than 
Biost wrought iron; this gives a slight further difference in 
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properties between most wrought iron and most of such steer 
but this difference is neither necessary nor essential. 

142. Definitions. — In considering the foregoing classif 
cation we note that there are two distinct bases for the name siee 
The " weld-steels " are called steel because they differ froi 
wrought iron in containing a considerable quantity of carbon, an 
from cast iron in being malleable ; the low -carbon steels are calls 
steel because they differ from wrought iron in being slagless, an 
from cast iron in being malleable. This confusing nomenclatui 
must be endured, at least for the present. 

However, the matter is not so bad as it looks at first. Tl" 
weld steels are unimportant. The three important classes ai 
wrought iron, steel, and cast iron. Wrought iron is readily aa 
almost sharply distinguished from the others by its contaioin 
slag. And, fortunately, there is one criterion which we may adoi 
for discriminating between all the various classes of steel on o" 
hand and those of cast iron on the other, a criterion which we nW 
apply to all future varieties of iron when we seek to deci" 
whether they ought to be called steel or cast iron. This critcri' 
is malleableness in at least some one range of temperature; ^ 
may adopt it because such malleableness is probably the or 
important specific property which all steels of to-day have, and 
cast irons of to-day lack, if we except the special product kno^ 
as "malleable cast iron." which really stands in a class by its' 
through its genesis, constitution and properties. In the SdOowi 
scheme of definitions this criterion is used. 

IVrought iron, slag-bearing, malleable iron, which does * 
harden materially when suddenly cooled, 

Steel, iron which is malleable at least in some one range 
temperature, and also is either (a) cast into an initially mallea' 
mass; or (b) is capable of hardening by sudden cooling; 
(c) is both so cast and so capable of hardening. (Tungsten s* 
and certain classes of manganese steel are malleable only vrt 
red-hot.) ■ 

Cast iron, iron containing so much carbon or its equivaJ' 
as not to be malleable at any temperature. 

In case of the normal or carbon cast irons, which owe tJi 
properties chiefly to their carbon-content, as distinguished fr< 
the alloy cast irons (see below), the dividing line between st 
and cast iron may for the present be put arbitrarily at 2.00 per c* 
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of carbon. As soon as the boundan" between the normally graph- 
idferous and the normally non-graphitiferous varieties of the 
iroQ-carbon compounds shall have been determined, it may be 
Well lo adopt this natural division line as the boundarj- between 
steel and cast iron, instead of the arbitran- boundary which is 
iiere used as a temporary expedient. ( See § 163. p. 195. J 

In gray cast iron a considerable part of the carbon is present 

as free graphite: in white cast iron there is very little graphite, 

ino5i of the carbon being in chemical combination with the iron. 

'n mottled cast iron an intermediate quantity of graphite is 

M{msent. 

^^t Sfaihable cast iron, iron which when first made is cast in 
^Mbe condition of cast iron, and is made malleable by subsequent 
^^reatment without fusion. 

Alloy steels and cast irotts are those which owe their proper- 
ties chiefly to the presence of an element (or elements) other than 

^B Ingot iron, slagless steel containing less than 0.30 per cent of 
^Bubon. 

^B Ingot steel, slagless steel containing more than 0.30 per cent 
^Bcaiton. 

^V Wild iron, the same as wrought iron. The term is little used. 
Weld steel, slag-bearing varieties of iron malleable at some 
'^niperatures, and containing more than 0.30 per cent of carbon. 
•t differs from wrought iron only in containing more carbon. 

These definitions cover not all conceivable but simply the 
P'^^setit important classes of iron. Should others later become 
"Important, their nomenclature ma_\' then be determined. 

143. Carbon and Iron. — In our study of the metallography 
**' iron, which occupies the rest of this chapter, we may confine 
^r attention to the slagless or ingot-metal series, and to the 
"'^nnal or carbon group of that series, leaving both the weld- 
'*'<^tal series and the alloy steels and alloy cast irons out of con- 
^'deration What we are going to consider, then, is a series of 
'l^'asi-alloys of iron and carbon, called steel when they contain 
'"^ss than say 2 per cent of carbon, and cast iron when they con- 
'3'n more. 

Let me again emphasize the fact that the properties of the 
'^^tal are profoundly influenced by its carbon-content. The 
^sential difference between the most ductile rivet steel, nearly as 
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soft and malleable as copper, and the hardest or most spring 
tool or spring steel, and the hardest and most brittle cast iron, is 
due to the differences in the quantity and condition of their 
carbon. Table 5 illustrates this. 



Table 5. 
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It is most simple to assume that, in molten iron, all carl 
is simply dissolved, and all is alike, no matter what may be 
condition of that carbon when the metal solidifies ; in short, 
all molten carbon-iron compounds are similar solutions of car 
in iron or vice versa, differing from each other only in the deg"^ 
of concentration of this solution. 

When, however, the iron solidifies, the carbon may either p 
into the condition of free carbon, that is to say, graphite ; or it 
remain dissolved in the now solid iron, as a solid solution to wlJ-*- 
the name ** austenite " is given. When the metal further cools 
austenite and graphite may be preserved and found as such in 
cold metal, or they may undergo, partly or wholly, a trans fomt'^ 
tion which leaves the carbon as a definite iron carbide, FcaC, c 
c em en tit e. 



n 
e 



n 



y 

h 



is 
e 



i 



There arc thus three distinct conditions in which carbon can 
Bi soHd iron, ( i ) as free graphite, characteristic of gray cast 
(2) as a solid solution of carbon in iron, austenite, the 
tteristic of " hardened," i. e., suddenly cooled steel, and 
least iron; and (3) as cementite, an iron carbide Fe,C, 
iteristic of normal or slowly cooled steel and cast iron, 
and the other constituents of iron will be described in § 145. 
t the same time the regions in Fig. 68 (p. 194), in which 
constituents ought theoretically to be present, will be 
Tated. This figure has already been alluded to in the latter 
i § '39' P- '65, and it will be described at much greater 
in § 162, p. 193. 

f4. Source of the CoN'FusioN in Oub Nomenclature. — 
' be of interest to expose in passing the way in which much 
confusion in our present nomenclature has arisen, both to 
he student from what motives these systems may arise, and 
give warning of the sort of trouble which is likely to arise 
1 we give names based, not on essential and definitive pi^p- 
but on accidental ones which are not definitive, no matter 
iportant they may be. 

titil about i860 there were i.>nly three important classes of 
-wrought iron, steel and cast iron. The essential charac- 
; of wrought iron was its nearly complete freedom from 
; that of steel its moderate carbon-content (say between 
id 2 per cent), which, though great enough to confer the 
ty of being rendered very hard by sudden cooling, yet was 
great as to make the metal brittle when cooled slowly ; while 
; cast iron was a carbon -con tent so high as to make the 
jfittle whether cooled quickly or slowly. This classification 
leed on carbon -content, or on the properties which it gave, 
^t iron, and certain classes of stee! which then were im- 
i, necessarily contained much slag or " cinder," because 
ere made by welding together pasty particles of metal in a 
( slag, without subsequent fusion. But the best class of 
Irucible steel, was freed from slag by fusion in crucibles : 
ts name, "cast steel." 

tfween i860 and 1870 the Bessemer and open-hearth proc- 
ntroduced a new class of iron, to-day called " mild " or 
iarbon steel," which lacked the essential property of steel, 
rdening power, yet differed from the existing forms of 
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wroug;ht iron in its freedom from slag,. and from cast iron in beir'^ 
very malleable. Logically it was wrought iron, the essence ^ 
which was, that it was { i ) " iron " as distinguished from sle^ 
and (2) malleable, 1". e.. capable of being " wrought." This nan» 
did not please those interested in the new product, because exist:^ 
ing wrought iron was a low-priced material. The only justifiable 
alternative would have been to assign a wholly new name to the 
wholly new product ; but as steel was associated in the public mind 
with superiority, it appeared more attractive to appropriate its val- 
uable name. This was done with the excuse that the new product 
resembled one class of steel — cast steel — in being free from slag; 
and, after a period of protest, all asquiesced in calling the new 
product " steel," which is now its firmly established name. The 
old varieties of wrought iron, steel, cast steel, and cast iron pre- 
serve their old names; the new class is called steel by main force 
As a result, certain varieties, such as blister steel, are caller 
" steel " solely because they have the hardening power, and others 
such as low-carbon steel, solely because they are free from slag 
But the fornier lack the essential quality — slaglessness — whici: 
makes the latter steel, and the latter lack the essential quality — 
the hardening power — which makes the former steel. " Steel '' 
has come gradually to stand rather for excellence than for anv spe- 
cific quality. 

These anomalies, however confusing to the general reader, in 
fact cause no appreciable trouble to important makers or users 
of iron and steel, beyond forming an occasional side-issue in 
litigation. 

145. The Microscopic Constituents of Iron and Ste^. 
— The general features of the constitution of alloys outlined in 
Chapter I. may be here recapitulated with the aim of applying 
them specially to iron and steel. 

The great advance which has taken place in our knowledge of 
the constitution of steel and the other varieties of iron has shown 
that they resemble very closely the igneous and metamorphic rocks, 
i. c, exactly those which, like the different varieties of iron, have 
formed from the cooling of molten or at least pasty masses. Just 
as a granite on close examination is seen to consist of an aggrega- 
tion of crystalline fragments of mica, quartz, and feldspar, each 
of which is a definite chemical compound, with definite crystalline 
form and definite physical properties in general, so the microscope 
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^hows US iSiat a given piece of steel or iron usually coiisists of 
f'ttremely minute crystalline particles of two or more substances, 
^ach o{ which is a definite entity, with definite chemical composi- 
tion and definite physical properties. 

But besides the granitic type, certain varieties of iron seem to 
''epresent the obsidian type. In this, as in aqueous solutions, the 
ratios in which the different chemical substances, the silica, lime, 
'■'c, exist are not fixed or definite ; they vary from case to case, 
"ot iicr saltum. as between definite chemical compounds, but by 
infinitesimal gradations. The different substances present appear 
lo be dissolved, as it were, in each other in a sort of soUd solution 
ivhich has the indefiniteness of composition, the incapacity of 
being resolved by any magnification of the microscope, and the 
feeble chemical attraction between the different components, char- 
acteristic of a solution. 

The schistose structure of rock masses, th^ir columnar or 
basaltic structure arranged in columns perpendicular to the cool- 
'fig surface, their " vugs " or cavities lined with specimens nf 
free crj-stals, their segregation, etc.. are reproduced in a most 
'itercsting way in metallic masses. 

Of these different microscopic entities which constitute 
'l^e different varieties of iron, only the following here need con- 
sideration : 

<i) Febrite. the microscopic particles of nearly and per- 
liaps perfectly pure metallic iron. It is magnetic, very soft and 
■ductile, but relatively weak, with a tensile strength of about 
45.000 pounds per* square inch. It is of the isometric system. It 
always forms a very important part of slowly cooled iron and steel 
•^ general (excepting the alloy classes). 

It is a normal constituent of regions V, \T and IX of Fig. 68, 
When much slag is present, as in wrought iron, and is drawn 
"^t into fibers by rolling, the mass as a whole is thereby given a 
^^nain kind of pseudo-fibrousness: but even here the metallic or 
'*=rrite quasi-fibers usually consist of an aggregation of grains, 
^■ach of which is equiaxed. (See Fig. 61,) 

I46. (2) Cementite, a definite carbide of iron. FcjC, con- 
'sitiing 6.67 per cent of carbon, very brittle, harder than hardened 
*'wl, scratching glass and feldspar but not quartz. (H = 6), and 
"lapietic. The carbon in slowly cooled steel is chiefly or wholly 
present as cementite, of which there is therefore (56 X 3 -|- 12) -r- 
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12 =^ 15 per cent for each per cent of carbon present. In slowly 
cooled cast iron, too. it is probable thit all or nearly all of the 
combined carbon as distinguished from the graphite is present 
as cementite. It is one of the constitnents of pearlite, and is an im- 
portant constituent of slowly cooled iron and steel in general, ol 
course excepting the varieties which are nearly free from carbon 
Its carbon is often spoken of as cement -earhon. and is the carbide- 
carbon of Ledcbiir 




Fig. 63. Cementile in Austenite. Cemented Carbon Stcd. 
Carbon about 1.50 per ceni. Qucncbed »! tojo* C. in lc»wat<^' 

(F. Osmond, The Afitaltogtaphiit, II, p. 261.*///?.) 



It is a normal constituent of regions VI. \'III and IX oi 
Fig. 68, 

Fig, 62 shows cementite associated with ausicnite in a sud' 
denly cooled high-carbon steel. The black zigzag constituent is th« 
cementite, the white ground mass is the austenite. While this ii 
not the habitual shape in which cementite is foimd in the varietiei 
of iron with which we are most familiar, it is Ticvertheless probabl] 
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.■ jiiJge from the cotulitioiis li 



wliicli it 



itiiomoqjhic, if we ma 
came into existence. 

147. (3) Pearlite, an xolic or quasi -eutectic (§ 14S), con- 
sisting of in lerst ratified plates of ferrite and cementite. in the 
ratio of about six parts by weight of the former to one of the 
latter, as inferred from its containing about 0.90 per cent of car- 
bon, The exact composition of pearlite is still in dispute, and I 
a'-lopt this number of o.yo per cent only provisionally and for the 
purpose of fixing our ideas. 

Slowly cooled steel consists essentially of a conglomerate of 

I is pearlite plus the excess -substance (See § 34, p. 39), which 
ferrite if the carbon-content is below 0.90 per cent, but is cemen- 




''ig>6j. Pearlite. Steel (carbon 

(F. Osmond, BaiimaUruili 



Kig. 17. 



"tc if it is above 0.90 per cent. Paraphrasing Osmond, steel may 
*** called " ;eolic," " hyper-£eolic " or " hjTxi-Beolic." according to 
"■'nether it contains just 0.90 per cent of carbon, or more than that 
"f|«s. (See Fig. 65, p, 185.) 

Slowly cooled cast iron probably consists essentially of a 
™nglomerate ( i ) of pearlite with its accompanying excess of 
either ferrite or cementite according to whether the combined car- 
"""i is less or greater than 0.90 per cent, and (2) of graphite. 

Pearlite is formed by the spontaneous decomposition of 
aiisienite, e. g., in cooling past the transformation-point, Ar„ 
fSP\ Fig. 68. 
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It is a normal constituent of regions \'l and IX of Fig. 68. 

Fig. 63 shows the structure of pearlJte. The black stripes are 
the ferriie, which, although itself white, here looks black owing 
to the conditions of preparing and illuminating the specimen. 

148, iEoLic. — Pearlite is an " seolic " or quasi-eutectic : in 
other words, the sol id -solution alloy of the lowest transformation- 
point. The seolic is 10 these trans forinations within llie solid solu- 
tion, the solid metal, exactly what the eutectic is to the freezing 
of a molten solution, a molten eutectiferous alloy, These trans- 
formations may be selective, exactly as the freezing is selective, 
and as they progress the solid mother-metal, in this case austenite, 
progressively approaches the seolic or pearlite ratio of about 0.9 
per cent of carbon, exactly as the mother-metal of a freezing alloy 
progressively approaches the eutectic composition. 

As with a eutectic so with an seolic, its most striking projj- 
erties are ; 

( 1 ) that for any given solid solution its composition and 
hence its transformation temperature are constant, no matter what 
the initial ratio of the constituent substances is (in the present 
case the ratio of iron to carbon). 

(2) that its composition is not, save occasionally and as it 
were by accident, in simple atomic proportions (see footnote to 
§ 149). and 

(3) that it consists of a conglomerate of distinct particles 
mechanically mixed.* 



of [his close resemb lance between the leolic and tb^ 
eutectic many metallographists, including some for whose judgraenl w* - 
must have the greatest respect, prefer to use the word 
both classes. I differ with them most reluctantly, and only because I : 
convinced that, had they fell llie necessity for the distinction bcl**e 
these two entities as I have through my actual experience, they wou. 
agree with me. ^ 

" Euleclic '■ and " aeolic " naturally have very much in comma 
they belong to the same family. The disrineiion between ihe two, howcv 
appears to Iw extremely important, and I do not think that we should tx 
justified by any reasons of expediency in abandoning Guthrie's defini'""- *"' 
of eutectic. The essential quality of a eutectic as he defined it was *' '^' 
it was the alloy of lowest melting-point. On general principles I do ■ " 
think that we are justified in subslitiiting for this essentia! and import^"' 
quality of lowest melting-point, the other and certainly important quali'"** 
of the eutectic. It is these latter qualities alone which the eutectic has * 
common with the moUc. (See end of Appendix.) 
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^^r 149, (4) AUSTENJTE, the characteristic and chief constituent 
^^K suddenly cooled, i. c, " hardened " steel, is a hard, brittle mass, 
^*''ith a needle-like structure, and is a solid solution of carbon in 
iron, the proportion of carbon varWng from nothing up to about 
two per cent. Its hardness and britllencss increase with its carbon- 
content. Austenite of aeolic composition, containing o.go per cent 
of carbon, and thus corresponding in ultimate composition to 
I>earlite, is sometimes called " hardenite."* Austenite is the nor- 
tial condition, and hence stable, at temperatures above the critical 
temperature Aj.f i.e., in regions II, IV and VII; in cooling 
ii tlirough the critical range Ar, — Ar,. i.e., in crossing regions V and 
^^^''III, it tends lo split up progressively into ferrite and cementite. 
^^■Reaclion (9), p. 203.] Of these three constituents, austenite. fer- 
^^P*te and cementite, the latter two alone are the nonna! and hence 
stable constituents of sbwly cooled steel at temperatures below this 
'^ngc. 1. f,, in regions VI and IX, regions in which austenite is ab- 
normal. But by sudden cooling this decomposition [reaction (9)] 
^^lay in large part be prevented, so that nmch austenite is perma- 
^^^Cntly preserved in the cold steel, 

^|r That this prevention is never complete is indicated by the 
'act that whereas austenite as it exists in region IV is non-mag- 
"^tic, such hardened steel is always highly magnetic. Its capacity 
°^ becoming permanently magnetic is referred to incipient decom- 
position of the non-magnetic austenite into ferrite and cementite, 
**oth containing iron in the magnetic or alpha state. This is on the 
S^neral theorj- that permanent magnetism is necessarily due to the 
existence of (i) the magnetic alpha iron, capable of polariza- 



" Certain metallurgists at one time thought that hardenite was a. 
^•fifiile chemical compound 10 which the formula FeaiC was as- 
■n«d. The advances in our knowledge which immediately followed 
■owed that this idea was untenable. To represent a solution of a cer- 
I degree of concentration as a definite chemical compound, simply be- 
^"sc that concentration might, by misuse of terms, be represented by a 
'''^mical formula, would he most misleading. We now know that har- 
■■^litc is dimply the solution of lowest transformation-point, and is no 
""ore a definite chemical compound than salt water of the cryohydratc or 
'iitectic ratio of concentration is. The pcarlite which results from the 
'■^ns format ion of the hardenite certainly is no more a chemical compoimd 
than a granite is, because it is a mechanical mixture of two distinct 
sulistances. ferrite and cementite, 

t For'ihe meaning of these terms. Aj. eic, see S 192, p. ais. 
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tit in bill by itself incapable of remaining pvilarized after the rcincT 
al of the polarizing force, and {2) non-magnetic beta or gami^^ 
iron, which acts as a brake to hold the polarized particles of o/ffi*^ 
iron in place after the polarizing force has ceased 10 act. 

The structure of atisienite (varieiy martensite) is shown i*" 
Fig. 64. That this is the tnie austeniie structure, although it is alsC^^ 
found in suddenly cooled steel and is therefore the structure of mar-" 
tensite, is indicated by the fact that, on etching steel while in region 
IV. Saniter developed this same structure. 




Fig. 64. Auslenite Partly Transformed, Variety called Msrteosile. 
(Usmond and dn^uA, A'i'ioirs ,iei Mih/s.XW ,p.bl.\g(Xi; Tht MtlalUgnphisi, 
IV. p. 136. ./J,/.) 
Note. — This micrograph ii from a plete of suddenlj cooled aieel, TTie 
auslentle has in cooling aecessarily undergone a certain amoonl of transforniB- 
lion, and when so transformed it is called martensite. That is to My. il U of 
species auslenite. variety martensite. Saniter's experimenii in etching auslen- 
ite in region I V, in which il is a normal constituent, indicate thai the structure 
shown in the prtsenl figure is subManliatly that of the aiiatenite itself, and is 
not due 10 the transformation which the auslenite has undergone in rapid 
cooling. 

Austenite is a normal constituent of regions II, IV, V, \'1I 
and VIII of Fig. 68. 

M.iRTKNSiTK, Troostite AND SoRRitE are Iransilion forms 
between austeniie on one hand, and ferrite and cementite c 
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f'ther. probably containing all three of these substances, but in 
varying proportions. They need not be considered in the present 

tlenientary discussion. 

It is unfortunate that until lately no clear distinction between 

'Oartensite and austenite has been recognized, and the term niar- 

»**isiie has been used to cover both austenite as it exists in region 
'v and aiso the partly decomposed austenite which we find in 
^ddenly cooled steel. To-day many apply the word austenite 
^^\y to region IV, or to regions IV and VII, and they speak of the 
P3rily decomposed austenite which we habitually find in suddenly 
'^'"Joled steel only as martensite. This is no doubt well for many 
purposes. But our present study may be simplified by regarding 
"lanensite simply as a variety of austenite, as is so often done to 
advantage in case of slightly altered minerals in general. There- 
fort ive shall not in general refer to martensite, using the word 
^"sieniie lo cover both this entity in its purity as it exists in regions 
I U' and VII, and also in its partly ahered state as we find it in 
^L suiideiily cooled steel and cast iron, in regions VI and IX. 
^P '50- (5) Gr.^puite, a characteristic component of "gray 
H^cast iron," of which it usually forms from 2.00 to 3.50 per cent. 
It is pure or nearly pure carbon. When it forms during the 
solidification of the metal, as is usually the case, it occurs in very 
^Ihin laminated plates or flakes, often J-^ inch or more in diame- 
Htpr, and curved as shown in Fig. 60, p. 164. When it forms 
Hvilhin the solid metal at temperatures materially below the freez- 
B^g-point, it occurs, at least under certain conditions, in very fine 
powder, and is then called " temper " graphite, the temper-carbon 
of Ledebur. 

It is a normal constituent of regions III and VII of Fig. 68. 

Vhen graphite-bearing iron cools out of region VII into regions 

III and IX, all the graphite theoretically should be transformed 

|ito cementite by reaction ( to) Gr -\- 3Fe — FejC. (See § 172, 

300,) But owing to the lagging of this reaction, graphite 

ually persists and is actuallv found in the metal in regions VIII 

nd IX. 

151. (6) Slag, the characteristic component of wrought iron, 
which usually contains from 0.20 to 2.0a per cent of it. It is essen- 
Jly a ferrous silicate, and .is present in wrought iron simply be- 
e this variety of iron is made by welding together pasty gran- 
i of iron in a bath of such slag, without subsequently melting 
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the resultant mass or in any other way giving the envelopes 
slag thus imprisoned a chance to escape completely. 

152. (7) The EuTECTic formed in the slow freezing of ca 
iron, I. (*., of any iron containing over say 2 per cent of carbon. 
contains about 4.30 per cent of carbon, and is a conglomerate 
(i) austenitc, saturated and hence containing about 2 per ee 
of carbon, and (_2) graphite; so that the eutectic contains abo 
1 .95 per cent of combined or dissolved carbon present in the 97 
per cent of austenite, and 2.34 per cent of graphite. It is a noms 
constituent of slowly cooled, e. g., gray cast iron, which may 
called hyper- or hypo-eutectic according to whether it contains mo 
or less than 4.30 per cent of carbon, 1. e.. according to wheth 
graphite or austenite is present in excess over the eutectic ratio. 

153, Calculation of the Constitution or Proxima 
Composition of Slowly Cooled Steel and other Stoichi 
METRIC Calculations. — We have already seen (§ 148, p. 17 
that slowly cooled steel consists essentially of a cong'loinerate 
pearlite together with either ferrite or cementite as the excess-st 
stance, according to whether the percentage of carbon combin 
with the metallic iron is below (hvpo-Eeolic) or above (hyp< 
ieolic) the Kolic ratio of about 0.90 per cent. In the former a 
the excess- substance is iron or ferrite, in the latter it is carb 
or cementite, according to our point of view. 

To avoid confusion let us here distinctly recognize that 
any hyper-Kolic steel, for instance one containing i.oo per c< 
of carbon, cementite is the excess and iron the deficit-substance, 
that there is more carbon but less iron present than correspon 
to the ieolic or pearlite ratio of carbon 0,90. iron 99.10 p 
cent; and this is perfectly true in spite of the fact that the p< 
centage of iron by weight is ninety-nine times that of the carbc 

As pearlite itself is a conglomerate of ferrite with cementi 
so slowly cooled steel whether ^olic, hypo-ieolic or h>'per-aeolic, 
composed in reality of ferrite and cementite, of which a part 
interst ratified in the 6: i ratio as pearlite, and the rest, ferrite 
cementite as the case may be, is present as the excess-substant 
Such excess is often spoken of as " structurally free " ferrite 
cementite. 

How much cementite is implied by the presence of 1 per ce 
of carbanf The presence of 1 per cent of carbon in the ma 
in the condition of cementite. FejC, implies the presence 
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S6+" ^, 



5 per cent of cementile and of 



l>^ 56 



per cent of iron in that cementite. Here 12 and 56 are the atomic 
Weights of carbon and iron respectively. Conversely, the presence 

of I per cent of cementite implies the presence of 



k 



65 X3+ iJ 
— 0.0667 per cent of carbon. 

Hoii; much carbon does cementite contain' The formula of 
*His substance, Fe,C, shows that h contains 12 X 100-^ (56 X 
3 -f- 12) ^6.67 per cent of carbon. 

What is the percentage of ferritc and cementite in pearlite? 
As pearlite contains about 0.90 per cent of carbon, and as the car- 
bon is present in this pearlite in the form of cementite. so pearlite 
contains about 0.90 X 15 ^^ i3-5 per cent of cementite; and by dif- 
ference it must contain about lOO — 13.5=386.5 per cent of fer- 
"^te, or 86.54-13.5 = 6.4 parts by weight of ferrlte for each 
P^rt of cementite. To avoid an unjustified air of accuracy, this 
''^tio is called 6:1 in this work. 

Hozv much pearlite and liaw much excess ferrite correspond 

f** a git'cn percentage of carbon in a hypo-<solic steel? To fix our 

'a^as let us consider the case of steel containing 0.50 per cent of 

*^^rl*on. We have just seen that this implies the presence of 

^■So X 15 ^ 7.50 per cent of cementite. With this cementite will 

associated 7.50 X 6.4 = 48.0 per cent of ferrite in the form 

* pearlite; so that the total quantity of pearlite will be 7.50 -|- 

O — 55.5 per cent or say 56 per cent. 

The remainder of the steel will then be 100 — 55.5^44.5 
Say 44 per cent of free ferrite, over and above that contained 
^ the pearlite or in short of " excess ferrite." To sum this up the 
^Constitution will be: 

?^=»n«(nitc. 0.50x15= 7.50 

**"«"ilc associated with it as pearlite, 7.50X64^ 



48.« 



illy free" ferrite by differ 



i 



In hke manner Table 6 and the lines in Fig. 65 have been 
'^Iculated. In each of these the same principle has been extended 
^ as to cover the graphiteless white cast irons, which really form a 
P^'olongation of the hypcr-EeoHc steels. 
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Table 6. — Theoretical Constitution or Microstructiiral Compo^ 
tion of the Pearlite Series, Slozvly Cooled Steel and IVhi 
Cast Iron, on Saiiveur^s Plan. 
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0.20 


22 
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0.30 


33 


67 





95-5 
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94.0 
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56 
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0.70 
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88.0 
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85.0 
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97 
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95 
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91 
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24.0 




. 1 


1.70 ' 
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55-0 


45-0 




3-^5 
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41 
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55 





45 


47.5 


52.5 


•^ 1 


3-75 


5' 





49 
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4.00 i 
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38 





62 


32.5 
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* " Kxcess Ferrite " means the ferrite in excess over the i^^arlite ratio, or in other words, th 
free or structurally free ferrite which does not form part of the pearlite. " Total Ferrite " mean 



the sum of this excess ferrite plus that contained in the pearlite. 
•* Kxcess Cementite " and " Total Cementite." 
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Table 7. — Classification of Iron and Steel by Carb 



z 

X h 

< U 

b 



0.05 
to 

0-3 



0-3 
to 

0.8 



0.8 
to 

2.00 



2.0t 

to 

4.5 



UNHARDENED STEEL AND WHITE CAST IRON 
OR PEARLITE SERIES 



Percentage 
of Carbon 



Name 



Prominent 
Uses 



V 






0) 



Wrought 
Iron 



Low-carbon 

or 
Mild Steel 



Medium- 
carbon Steel 



lligh-carbon 

Steel 
unhardened 



White Cast 
Iron, and 

Chilled Cast 
Iron after 
annealing 



I 



0.05 
to 

0-3 



Boilers, 

Ship and 

Structural 

Steel 



Little used 



0.8 
to 
2.00 



Treads of 

Cast Iron 

railroad 

wheels, and 

other 

"chilled" 

castings 



i.o 
to 

4.5 



o 
to 

1.0 



Microscopic Constitution 
Per Cent 
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• mm 
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• rm 
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rt 


0) 





U^ 




99.0 




to 




93.6 
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0) 

a 

U 



0.05 
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to 




to 


0-3 




95-5 



0.75 

to 

4.5 
0.7s 

to 

4.5 



Axles, 


0-3 


, 


Shafting, 


to 




Tires, Rails 


0.8 





95-5 
to 

88.0 



4.5 
to 

12.0 



I 
88.0 12.0 

to to 

70.0 \ 30.0 



84.0 
to 

32-5 



15.0 
to 

67.5 



0) 






little 

or 
none 



usual- 

little 

or 
none 



0.0 
to 
1.0 



jBfl 



E 

z 



0.2 

to 

2.0 



-/ 



•a 



^ O 

rt IS 



I 



* This table is intended to give only a bird's-eye view or very rough classifi< 
series. Mottled cast iron has few direct uses, except, of course, that it, like gray 

t For simplicity the limits of total carbon for cast iron are taken as 2.0 and 
commercial white cast iron, and the remainder of the carbon is assumed to be prei 
carbon; but the remaining classes (steel of from 1.5 to 2.0 per cent and cast iron o 

I While springs, cutting tools, and like objects may for convenience be n 
in tempering them, the austenite becomes much decomposed, passing towards the 
decomposition. 
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foscopic Constitution, Sho^ving the usual Limits. * 
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h I Microscopic Con- 
stitution Per Cent 
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0) 
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S 
U 



ort ant 



D 
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98.0 

to 

47.0 



0.0 
to 

52.0 



0) 

a 



-l 



i.o 

to 

4.0 



TYPICAL HARDENED STEEL OR 
AUSTEN ITE SERIES 



Name 



Low-carbon 

Steel 
Hardened 



Medium- 
carbon Steel 
hardened 

(and 
tempered) 



High-carbon 

Steel 

hardened 

(and 
tempered) 



Chilled 

Cast Iron 

unannealed 



Uses 



Little used 



Some 
springs 



Cutting 

tools, 

springs 



Carbon in 
State of 



Prominent 1 v 



c 
B 



0) 

•«« 

c 

en 
< 




— v 



0.3 to 0.8 
chiefly as 
Austenite 



0.8 to 2.0 
chiefly as 
Austenite 



2.0 to 4.5 
chiefly as 
Austenite 



Microscopic 
Constitution 



Low-carbon 
Austenite 
Chiefly J 



Medium-carbon 

Austenite, 

Chiefly J 



High-carbon 

Austenite, 

Chieflyt 



Supersaturated 

Austenite t 
(2 -I- per cent 

Carbon) 

Chiefly 



limits in particular are very rough. This is particularly true of the third or austenite 
M version into wrought Jiron and steel. 

Btage of graphite is taken as from i.o to 4.0 for gray cast iron and from o to i.o for 
I contain more than 1.5 per cent carbon, and few cast irons less than 3 per cent 
irbon) are here included so as to embrace the whole field of the iron-carbon compounds. 
> this series, it is to be understood that in hardening them, and more particularly 
1 cementite. We have as yet little direct information as to the degree of this 
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154. Summary. — To recapitulate, the chief constituents oi 
the iron-carbon compounds, the steels and cast irons, are : 

(i) in the slowly cooled state of both steel and cast iron 
pearlite, a conglomerate of (2) the soft, weak, ductile ferrite, anc 
(3) the hard brittle cementite, in the ratio of 6:1, together witt 
whatever excess of ferrite or cementite is present over and abov< 
this ratio, (4) also in the slowly cooled state of cast iron, graphite 
a non-metallic and as it were foreign body, (5) in the suddenly 
cooled state of both steel and cast iron, austenite. 

We may classify all our iron-carbon compounds, all our steel 
and cast irons, according to this grouping. 

155. Division of Iron into Three Series According t 
Microscopic Constitution. — In the slowly cooled state th 
metal will be either (i) pearlite with ferrite or cementite as th 
excess-substance, in which case we can call the whole series fror 
carbon zero to carbon 4.50 per cent the pearlite series: or (2 
pearlite plus ferrite or cementite as the excess-substance as befon 
but in addition graphite, in which case we can call the whole serie 
the graphito-pearlite series. In general, but little graphite is prea 
ent unless there is at least 2 per cent of total carbon, 1. e., it 
only in cast iron that any important quantity of graphite is usuall 
found. The graphito-pearlite series may then be called also th 
gray-cast-iron series. 

In like manner we may call the suddenly cooled series, froi 
carbon zero to carbon say 4.50 per cent, the austenite series. 

In each series the metal is called *' steel '* if it contains lei 
than two per cent of carbon, and ** cast iron " if it contains mor 

The theoretical constitution, the trade names, and the chie 
uses of the members of these three series are recapitulatd i 
Table 7. These series are to be regarded as tyf)es to which an 
jT^iyen piece of iron approaches more or less closely. Thus, whi 
slowly cooled low-carhon and medium-carbon steel is usually ei 
actly of the pearlite-series type, except in so far as its constitutio 
is disturbed by the presence of manganese and other elements, y< 
slowly C{X>Ied high-carbon steel may vary slightly from the typ 
by containing a small quantity of graphite. In particular it 
doubtful whether any piece of metal is ever exactly of the austenit 
type, because no matter how sudden the cooling some of the austeil 
ite changes into oi* at least towards the ferrite and cementite condi 
tion. and because some of the carbon may. even after sudden cool 
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ing, be present as graphite, especially if the total carbon is high, 
1. e., especially in case of the cast irons. 

156. Pearlite series. — Most of the steel of commerce is of 
the pearlite series ; and of this probably at least 95 per cent is hypo- 
aeolic, i, e,, it contains less than 0.90 per cent of carbon, and it 
therefore consists of pearlite together with free ferrite as the 
excess-substance. This is true of all common structural steel such 
as eyebars, I-beams, angles, channels, steel columns, rivets, plates 
whether for girders, boilers, ships* hulls or other engineering pur- 
poses, railroad axles, tires and rails, fence and telegraph wire, 
sheet steel for tin plate, etc., etc. These all consist essentially of 
a mixture (i) of ferrite and cementite interstratified as pearlite, 
plus (2) an excess of free ferrite. The proportion of cementite 
and hence of pearlite which they contain is varied to meet their 
particular requirements. In general, the greater the need of duc- 
tility, the less carbon do they contain, and hence the less of the 
hard, brittle cementite ; in other words, the greater is the percent- 
age of the soft, •duciile,Vfree' f^rrte aod the smaller the percentage 
of pearlite. Op Jh^ x)thcF haiiq^^e theater the strength and the 
higher the elastic limit needed,^ iWJ l^ore carbon do they contain, 
f. e., the larger is the pf^t^ntagoj^f cetientite and hence of pearlite, 

and the smaller is the-excesa^jj^i^Siff "^^* 

The microstructure of this series, including hyper-aeolic steel 
and white cast iron, is shown in Fig. 66. 

The proportions of ferrite and cementite and also that of 
pearlite for the different parts of this pearlite series are given in 
Table 6, p. 184, and they are also indicated graphically in Fig. 65, 
p. 185. 

157. The graphitO'pearlite or gray cast-iron series. — Most 
of the cast irons used as such, i. e., in the form of gray castings 
for engineering and indeed for industrial purposes in general, 
are of the second or graphito-pearlite series. Such cast iron gen- 
erally contains in the neighborhood of 4 per cent of carbon of 
which some 2.00 to 3.50 per cent is present as free graphite, and the 
rest as cementite, or " combined carbon." Here belong all gray 
iron castings, whether for machinery, for piping, for columns, 
for girders, or other like purposes. In general the greater the need 
<rf softness to facilitate cutting to shape, or " tooling/' and of 
malleableness to resist blows and ill-treatment, the smaller is the 
proportion of combined carbon and hence of cementite, and the 
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larger that of ferrile; in short the more closely does the ratio £> 
cementite to ferrite approach that of the low-carbon engineerini 
steels. 

The iron founder usually looks at the other side of the qucs 
tion. As we cannot eat our cake and keep it, the less carbon ^'■ 
present as cementite the more must be present as graphite if thi 
total carbon is approximately constant, as is usually the case 
Hence the greater the softness and malleableness needed, the mo^ 
graphite is usually present. Hence the founder regards grapb't 
as a source of softness. But this is simply the opposite view of tli 
same fact, and the whole subject is made much clearer if we \oo 
at the other side of the shield, and recognize that softness an 
malleableness are to be had by having the soft and malleable fei 
rite and the soft graphite instead of the hard, brittle cementit 
From this point of view the whole matter is as clear as crysta- 
from the opposite it is fogg>-. (See §§ 327 to 332, pp. 431 to 437 

Without here* developing this view at greater length. 1 
us recognize clearly that, as the gray -cast -iron or graphit' 
pearlite series as a whole appears to be simply the pearlite * 
steel-white-cast-iron series plus graphite, so any individual gr* 
cast iron is simply a metallic matrix of steel or white cast ir*^ 
as the case may be, in which flakes of a wholly non-metallic a* 
as it were foreign body, graphite, are scattered. 

158. This Conception' Tested. — As this conception ' 
matrix plus graphite is essential, we may here see how well 
tallies with the grayness itself of this iron, by which we me-* 
the grayness of its fracture. It usually contains some 4 per c^ 
of carbon all.told, of which perhaps 3 per cent by weight or abc^ 
lo per cent by volume is in the form of flakes of graphite 
considerable size, often yi of an inch across, existing within t' 
iron as a nearly continuous skeleton. When such iron is brofc^ 
rupture, following the path of least resistance, travels along t 
weak faces of the flakes of graphite, instead of through t^ 
strong metallic matrix, with the consequence that in the fraciu* 
nothing but graphite is seen. But that the graphite which ■*■ 
now see is nothing but a veneering is readily shown by brushi* 
one of these fractures with a wire brush. The flakes of graph ■ 
are quickly scraped off, exposing the whiteness of the metal J 

"The Author has elaborated this subject in the Proceedings of t^ 
Ameriean Soi:iely for Testing Materials, 11, p. 246, 1902. 
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phix beneath, a whiteness to be sure still stained by the adhering 
'S'^s of graphite, as our fingers after pencil-sharpening are 
'"'1 stained after we have blown away the powdered graphite 
shavings. 

Of course interspersing a weak, foreign substance like graph- 
"f through a metallic matrix of steel must both weaken and 
^britlle that steel. Hence the relative weakness and brittleness 
*' cast iron ; against which are to be weighed, first, its greater 
■"eapness, since all steels are the product of purifying cast iron 
■"d hence are more expensive than it; and further the cheapness 
"di which, thanks to its fusibility, fluidity, and expansion when 
^'idifying, it is cast into forms into which the more infusible 
eel can be cast only with difficulty, and can be forged or rolled 
ily with great outlay of power, and of fuel for heating it to a 
Tging heat. 

159. The Austemte Series, — To this belong all forms of 
'rdened, and of hardened and tempered steel, such as cutting 
ols, whether for cutting wood, metals or other substances, 
'rings, dies, the points of armor- piercing projectiles, and the 
ce of projectile-resisting amior. 

As the pearlite and graph i to- pearl ite series increase in hard- 
ss and brittleness as their cementite or " combined " carbon 
creases, so does the austenite series as its carbon -con tent in- 
cases. Whence we may generalize and say that each of these 
Tee series increases in hardness and brittleness as its combined- 
rbon-content increases. But increasing carbon-content increa'ses 
e hardness and brittleness of the austenite state far more than 
at of the pearlite state. Thus the hardness and ductiHty of 
^■-carbon steel, say of o.io per cent of carbon is but slightly 
fected by sudden cooling; whereas steel of say 0.50 per cent 
carbon, while it can be bent double without cracking when 
oled slowly. 1. e., when in the pearlite stale, yet when in 'the 
■rdened, i. e., suddenly cooled or austenite state it can take no 
preciable permanent set before breaking. Fig. 67 illustrates this, 

kMuch the same is true of the hardness proper, the resistance 
>rasion and indentation. When slowly cooled, i e., in the 
Ste state, the hardness of such steel is about what shoidd be 
^cted in view of its ductility. It is indeed harder under the 
'e than low-carbon steel, but the difference is not a conspicuous 
But whereas very low-carbon steel when suddenly cooled 
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is not appreciably harder than when cooled slowly, high-carbon 
steel (of say 1.25 per cent of carbon) when suddenly cooleJ 
is so hard as to scratch glass. 

In short the hardening power, whether measured by the 
hardness or by tlie briltleness induced, increases witli the carbon- 
content. 

160. Uses of the Aitstenite Series, — Although there are 
very many and very varied uses for the austenite series, yet the 
actual quantity of metal used for most of them is relatively small, 
when compared with the enormous quantities of the peariite and 




Fig. 67. The Hardi 



graphito-pearlite series in use. Xot only is the sudden cooling. | 
upon which the preservation of the austenite state depends, in 
itself expensive because of the care which it requires, but the , 
metal itself is brittle, both from its verj- nature and from the 
stress which the sudden and hence unequal cooling induces. 
Hence members of this series are in general used only where their 
hardness (cutting tools, dies, projectiles and armor) or their | 
high elastic limit (springs) is indispensable; and in many cases 
the hrittleness which accompanies this hardness has to be specially 
guarded against by putting only one part of a ^ven object ' 
into this austenite condition, and uniting this brittle part , 
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integrally with a backing, which is in the ductile pearlite state. 

Thus the cutting edge of a cold-chisel is hard and brittle because 

^^ is in the austenite state thanks to its sudden cooling, i. e., 

hardening; and this brittle edge is prevented from breaking by 

'^s integral union with the shank of the chisel, the temperature 

^^ which has been so manipulated as to leave the metal in the 

Pearlite state, malleable and relatively strcssless. So ^^^th the 

'^^J'dened point of a projectile, integrally united with its un- 

nardened body; the hardened face of the armor-plate integrally 

United with a back of low-carbon steel, which, even in the austen- 

'^^ state, is relatively malleable. 

161. The Austenite Never Pure. — It is true that these 

^'^jects are, more accurately speaking, intermediate between the 

^^stenite and the pearlite state, as has been pointed out in § 149, 

^' 1 79, *. e., they never consist solely of pure unaltered austenite. 

^"v-en in objects which are used in the suddenly cooled or hardened 

^^^te without subsequent drawing of the temper, the austenite is 

'^^^^I'e or less altered, because no cooling, however rapid, can 

^^^'^pletely prevent its alteration towards the condition of pearlite. 

7 ^^ the more common cases such as springs and most cutting tools, 

^^ ^vhich the suddenly cooled object is afterM^.afds slightly tem- 

P^^^d by slight reheating, the change from the Austenite towards 

^*^^ p>earlite state goes still further. Nevertheless, for our present 

P^*T>ose we may regard all these objects as of the austenite series 

^^ the broad sense that we owe their properties chiefly to their 

^^stenite. 

162. Freezing-point Curves and Transformation Curves 
^^ the Iron-carbon Compounds. — The inflections which we 
"^ve studied in Chapter II in our cooling curves are due to the 
^^oeration of heat, or in other words to the change of energy in 
passing from the molten to the solid state. But as was pointed 
^^ in § 12, p. 19, every change, chemical or physical, within the 
^ctal after it has solidified will probably be accompanied by the 
solution (or more rarely by the absorption) of heat, and these 
^"1 in like manner cause inflections in the cooling curves, which 
thus will record automatically not only the progress and method of 
soKdification, but also all changes of constitution which take place 
in cooling from the freezing-point downwards. And this brings us 
by an easy stage to Roberts-Austen's diagram (Fig. 68) which 
shows us simultaneously the freezing-point curves and the trans- 
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formation cur\'e& of the iron-carbon compounds, as wel! as 
constitution corresponding at different temperatures to these cJ 
ferent percentages of carbon. 

Regarded in a broad way, this diagram really consists of t: " 
sets of the familiar underscored V curves, of the family which 
we have seen, iiabitually represents the freezing of a eutectifero 
alloy. 

The first or upper set, ABC, oBc, indeed represents the fre^ 
ing of just such a eutectiferous series, for that is what the iro 
carbon compounds really are. The eutectic contains about 4. . 
per cent of carbon, and its two constituents are (i) the solid sol. 
tion of carbon in iron, austemte, and (2) graphite. The austena 
should nonnally be saturated with carbon, in short a saturat' 
solid solution, like those in other eutectics. About 2.00 per cent 
carbon should saturate it. 

Eae is clearly a fragment of the saturation-point or critic 
curve, showing the supposed percentage of carbon which at ea* 
temperature suffices to saturate the austenite. 

The second or lower set, GHSER, PSP', represents a paralf 
transformation within the solid metal, closely comparable with it 
freezing of a eutectiferous alloy. That is to say, jiist as the free- 
ing of a series of eutectiferous alloys yields a series of congloni 
erates, each consisting of the eutectic plus an excess -substance 
so this transformation within the solid metal in cooling causes t?" 
solid solution, austenite, to break up into a conglomerate consistin 
of a quasi-eutectic or " asolic " plus an excess-substance. And E 
in the freezing of a eutectiferous alloy this trans formatioti frot 
molten solution to solid conglomerate takes place along this undei 
scored V set of lines, so this present transformation within th 
solid austenite, the solid solution, takes place along this undei 
scored V set of lines. 

The Eeolic or quasi-eutectic is pearlite, and its constitueni 
are ferrite, Fe, and cementite, FejC. 

The Terms Ar^, Ac^, etc. — These are explained in § 19s 
p. 215. 

The present diagram, like similar ones for other series c 
alloys, represents the freezing-points as distinguished from th 
melting-points, and the transformation-points in cooling as dis 
tinguished from heating, The corresponding lines for rising teir 
perature and for melting should theoretically coincide with these 
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actually owing to lag there are considerable discrepancies. (See 
§ 164.J 

In general the meaning and indeed the position of the lines to 
the right of the 1.50 per cent carbon ordinate are by no means 
Well estabiished. Nevertheless it seems well to give this diagram 
here as presenting at a glance a sinnmary of our present knowledge 
and iheory. Were we to wait till these theories are unquestionable, 
We might wait forever. 

163. Position of the Steel Cast-iron Boundary as Re- 

t-.\TED TO THE S.'iTU RATION-POINT OF SoLID AUSTENITE. — JuSt AS 

in general desirable that the boundaries of countries should 

"^ natural ones, such as mountain ranges or bodies of water, so it 

^ desirable that our different classifications of iron and steel 

'•^ould as far as practicable be based on such natural divisions, 

"stead of being purely arbitrary. In this work the dividing line. 

between cast iron and steel has been arbitrarily drawn at 2.00 

P^r cent of carbon, in rough accordance with commercial usage. 

""^t this arbitrarily chosen line has the advantage of being very 

".^a-r to the great natural division between the normally non-eutec- 

''ferous range and the normally eutectiferous range. So soon as 

"e position of this natural boundary has been determined with 

""^^sonable accuracy, it may be well to adopt it as the dividing line 

**^tween steel and cast iron. Steel would comprise the normally 

P*^ri-eutectiferous and cast iron the normally eutectiferous carbon- 

""oti compounds, 

While this plan is attractive in case of pure iron-carbon 
*^*^inpounds, it may not be practicable to apply it to impure irons, 
•ot- (j,e reason that the boundary of the eutectiferous range may 
^'^iil widely with variations in the proportions of the impurities, 
"^hculd this be the case, then instead of such a precise basis of 
■^^rnarcation we may have to use the vaguer one adopted in § 142, 
P- 170, according to which the distinction between those steels 
^'^lich approach cast iron in nature and those cast irons which 
approach the nature of steel is that steel must be forgeable in at 
^^stsome one range of temperature, while the cast iron is not. 

164. General Division; Constitution; Lag. — This dia- 
S^'am is divided by these freezing-point and transformation-point 
"Oes into nine important regions. To each of these, according 
'■^ our present theories, a certain constitution normally corre- 
sponds. As the metal cools from one of these regions into another. 




196 Iron, Sted, and other Allays ^^B 

its constitution ought theoretically to change from the theor* 
ical constitution of the region it is leaving to that of the regi* 
which it is entering. But owing to what we may call lag or mol^^ 
ular inertia, these transformations which should occur on croS 
ing such a boundary may be suppressed partly, and perhaps ev* 
completely. In other words, tliese transformations, especial 
those which occur within the sohd metal, require a certain leng^ 
of time ; and they are opposed by the cold ; so that if the coolir^ 
across a given boundary is rapid, the trans formal ion due at tin 
boundary may be incomplete there, and if the temperature fgl 
quickly to the cold, this transformation may be permanently ai 
rested, and thus remain permanently incomplete. 

This lag is a matter of very great importance, and to it \w 
are in large part indebted for our power of giving to a given piec 
of steel or cast iron a great variety of different properties by dii 
ferent methotls of heat -treatment. These methods act chiefly b 
inducing certain desirable degrees of lag. or by stimulating som 
reaction which has already lagged, and thus reviving it unde 
favorable conditions. We shall in due time see that this is trU' 
of the hardening, tempering and annealing of steel, the chillinj 
and annealing of cast irop, and the manufacture of malleable iroi 
castings. 

One effect of this tendency to lag is to cause transformation 
represented by these different lines of Fig. 68 to take place ii 
cooling at temperatures considerably below what may be calle< 
the theoretical temperatures, and in particular below the tempera 
tures at which they occur during rise of tem]3erature. There is als 
a certain amount of lag during rise of temperature, but this is gen 
erally much less marked. 

Hence the observed position of the transformation lines ii 
cooling may actualK' be much lower than that observed during 
rise of temperature. 

Certain foreign elements, such as nickel and manganese 
appear to act through lowering the temperatures at which thesi 
transformations occur, and a large part of the important influenc< 
of these foreign elements has been referred to their thus lowering 
these temperatures. 

These nine regions will now be enumerated, and at the sami 
time their theoretical constitution and the transformations whict 
should theoretically occur in cooling through them will be given. 
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^B Equations will be given representing these transformations, 
^md ihese equations will be grouped together in Table 8. p. 203. 

165. Region I, ABCF, MOLTEN SOLUTION OF CAR- 
BON IN IRON. — This has for its lower boundary the upper 
freezing-point curve ABC, and it represents simply molten steel 
and molten cast iron, each of wliich is a molten solution of carbon 
"* iron. The boundarv' between them is imaginary. It will 
simplify our ideas if we assume that when solid iron containing 
g'"aphite melts, the graphite in melting loses completely its graphitic 
nature, and becomes simply carbon dissolved in iron, exactly as if 
''^fore fusion it had existed in solution or combination, instead of 
*s graphite. 

166. Region II, AaB, Selective Freezing Occurs, MOLTEN 
CA-RBLTtETTED IRON and SOLID AUSTENITE. The 
"i^tai in this region consists of ( i ) solid austeiiite. a solid iron- 
'^rbon solution, the excess- substance, together with {2) the 
iiother-metal of molten carbon-iron solution. 

The theoretical reactions on cooling through this region are 
*^ follows : 

^A. For all compositions at the left of the 2.00 per cent carbon 
inate (line ea). selective freezing: • 
[i) molten sohi t ion :^ solid austenile. 

B. F"or compositions between 2.00 and 4.30 per cent of car- 
^n^ in cooling through this region, down to but not including the 
•^nsit across the lower boundary, aB, selective freezing : 

{2) molten solution := solid 2.00 per cent austenite -|- molten 
tectic. 

(By 2.00 per cent austenite is meant austenite containing 2.00 
■ cent of carbon dissolved in it. J 

On crossing the lower boundary oB, freezing of the 
**ectic : 

(3) molten eutectic =^ solid eutectic ^= 2.00 per cent aus- 
nitc -f graphite. 

Taking both the passage down to the lower boundary and the 
■ssingof that boundary, the sura of reactions (2) and {3} may 
■ Written thus : 

(4) mohen solution — 2.00 per cent austenite -|- graphite. 
This transformation from mohen solution into graphite ap- 

Pf^rs lo be relatively slow, unless stimulated by the presence of 
™>con. Hence if the metal is free or nearly free from silicon and 
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is cooled at any usual rate, the resultant austenite may conta"^ 
mucli more thaii 2 per cent of carbon. Instead of reaction (4) ** 
then have : 

is) niolten solution =: supersaturated austenite + graphite. 
or 

(5) molten solution =1 (^2-\- ) per cent austenite + graphite- 
It is probably to this suppression of the formation of graphil*> 

this substitution of reaction (5) for reaction (4), that we are i**" 
debted for the existence of while cast iron, 

167. Region III, CBc, Selective Freesmg Occurs, MOLTE^ 
CARBURETTED IRON and GRAPHITE. — The mass i" 
this region probably consists of ( i ) solid graphite, the excesS7 
substance, together with (2) the Still molten mother-metal ^'^ 
iron-carbon solution. 

The theoretical reactions in this region are as follows : 
In cooling through this region, down to but not indudi'^S 
the transit across its lower boundary Be, selective freezing: 

(6) molten solution =^ niolten eutectic + graphite. 

On crossing the lower boundary Be, freezing of the eutecti*^ ■ 

(3) molten eutectic = solid eutectic = 2.00 per cent austeni*^ 
+ graphite. 

Taking both the passage down to the lower boundary and tl"*^ 
crossing of that boundary, the sum of reactions (6) and (3) rH^-^ 
be written thus: 

(4) molten solution ^ 2,00 per cent austenite -|- graphite- 
The remarks as lo the lagging of reaction (4) made in case *^ 

region II apply here also, so that reaction (5) is probably sub**^*' 
tuted for the theoretical reaction (4) in most cases. 

168. Region IV, AaESHK'G, AUSTENITE, solid iron-c^-*" 
bon solution, resulting from reaction (i). Theoretically no tra»**' 
formation should occur in cooling through this region. 

169. Region V, GHSP, Selective Transformation Oeci*^-^ 
AUSTENITE .\nd FERRITE. — Ferrite as the excess -subs tan c^*^ 
and austenite the still untransformed solid mother-metal. Abo*^ 
the line Ar, the ferrite is beta, below it is alpha. (See § 19 

p. 214.) 

To explain. Just as in selective freezing the e xcess-sub static ^r 
progressively freezes out, and the remaining molten mother-met»' ■* 
correspondingly approaches the eutectic ratio, so in cooling througi^^ 
this region, iron which may be regarded as the excess-substana^ 
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progressively separates* in the free state, ». e., as ferrite, witlim the 
solid red-hot austenite, which consequently becomes enriched in 
carbon, and approaches the " hardenile " or quasi-eutectic or :eo!ic 
ratio of 0.90 per cent of carbon, reaching it when the temperature 
in falling reaches the koHc trans format ion-tcinpe rat ore PSP'. 
The reaction may be written 

(7) austenite ^^ hardenite + ferrite, or 

(7) austenite ^^ 0.9 per cent austenite + ferrite. 

And just as, when the temperature falls past the euteciic 
freezing-point, this eutectic in turn breaks up into its constituents ; 
so here when the temperature fails past the Kolic trans form ation- 
tetnperature, the remaining untransformed solid mother-metal is 
"ovv transfonned into ferrite and cementite, interstratified as 
P^arlite. The reaction may be written 

(8) hardenite — pearlite — ferrite + cementite, or 

(8) 0.9 per cent austenite = pearlite ^ ferrite 4- cementite. 

The sum of these transformations (7) and (8), the progres- 
sive transfonnation in region \" plus the transformation of the 
*olic on leaving this region, may be written thus : 

(9) austenite — ferrite -|- cementite. 

'^"e whole of the cementite is interstratified with ferrite as pear- 
''te in the ratio of i : 6, and the remainder of the ferrite in excess 
**' this ratio is the excess-substance, the " structurally free ferrite " 
*** Sauveur. 

170. Region VI, FSh'O, PEARLITE and FERRITE re- 
^"'ting from reaction (p). — Of these ferrite is the excess-sub- 
Stance, and pearlite the zeolic, or quasi -eutectic. Theoretically no 

^■^^ction occurs in cooling through this region. 

^k 171. Region VII, aERc, 2 PER CENT AUSTENITE and 

^^P^APHITE resulting from reaction (4). 

^^K Our theories as to this region still lack proof: they must there- 

^^P''^ be accepted very cautiously. 

W^- 

• When it is said that ferrite " separates " within the solid austenite. it 
'^Ot meant that this ferrite removes itself bodily away from the mother 
*"*teBiW ; the little particles of ferrite as it were remain in the womb which 
•^^nceives them, for the simple reason that the degree of plasticity of 
^ red-hot austenite, while sufficient to enable the ferrite made free 
''^ reaction (7) to unite into particles large enough to be detected by the 
""croscope, is yet far too slight lo permit those microscopic particles to 
ittnove themselves out of the mother-mass. 
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Part of the austenite and part of the graphite are associated 
as the eulectic, which as already pointed out is a mixture of 
graphite with saturated austenite, and contains 4,30 per cent of 
total carbon. 

, At the left of the eutectic ordinate the mass is a conglomerate 
of the eutectic plus the excess-substance, austenite; at the right 
of this ordinate it is a conglomerate of the eutectic plus the excess- 
substance, graphite. 

As already explained, owing to the lag of reactions ( i ) to 
(4) the austenite may contain more than 2 per cent of carbon, 
f. c, may be supersaturated, especially if there is but little silicon 
present, an element which appears to stimulate reaction (4), or 
at least to stimulate the passage of carbon into the state of 
graphite. 

Theoretically no reaction occurs in cooling tlirough this 
region. 

172. Region VIII, ESP'R Selective Transformation Occurs, 
AUSTENITE and CEMEN'TITE. — GRAPHITE also is habit- 
ually present through lag. though theoretically absent. Cenientite 
is the excess-substance, and austenite the still untransformed solid 
mother-metal. This region thus mates region V; region V'lII is 
hyper-aeolic, region \' is hypo-solic. 

Our theories as to this region still lack proof : they must 
therefore be accepted very cautiously. 

An extremely important reaction occurs theoretically on en- 
tering this region. 1. c., on cooling past the line ER. The graphite 
existing in region VII should, on crossing this line, react with part 
of the iron of the austenite which accompanies it to form cemeu- 
tite, thus ^^H 

(10) Gr-|- 3Fe = FCjC, or ^^^| 

(10) graphite -|- austenite = cenientite. ^^^H 

The sheets of graphite which exist in region VII are natiirajl^^ 
those with which we are familiar in gray pig iron, coarse, thick, 
and at a considerable distance apart. Now it is relatively easy for 
the graphite to react with the molecules of iron in the layer of 

austenite with which it is in immediate contact. But these mole ■ 

cules are by no means enough to convert the whole of that graphitc^=: 
into cementite by reaction (lo). The rest of the graphite cannt> 
undergo that reaction unless it can. through molecular migratio- — 1 
or otherwise, actually reach the molecules of iron in other laye^nc 
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pi austenile with which it is not initially in contact. Hence it 

s not surprising that reaction ( 10) should lag, and should indeed 

ibitually be extremely far from complete; in short that most of 

; graphite which we have reason to believe exists in region VII 

*" is habitually found in the cold cast iron, passing undecomposed 

through regions VII, VIII, and IX. Hence the existence of gray 

cast iron. 

Because the austenite of the eutectic as it comes into existence 
kftt the end of the freezing, i. e., on cooling past line aBc, should 
^theoretically be saturated with carbon, and because reaction (10) 
10 ve iron from that austenite, the austenite should 
iereby become supersaturated with carbon. To roeet this condi- 
we may suppose that this suporsatu ration will, if equilibrium 
is reached, cure itself by a further combination of part of the 
carbon and part of the iron of the austenite to form more 
cementite. 

Returning now to the selective transformation which occurs 
1 cooling through this region down to but not across line SP'. 
I of course consists in the progressive formation of more and 
lore cementite within the solid red-hot austenite, by the union 
^f part of its iron and part of its carbon. The reaction may be 
written : 
' (11) 2 per cent austenite ^= hardenite + cementite, or 

(11)2 per cent austenite ^ 0.9 per cent austenite + cementite. 
' As cementite contains 6.67 per cent of carbon, or much more 
than the austenite itself, this formation of cementite progressively 
impoverishes the austenite in carbon until it eventually readies 
the hardenite or jeolic composition of 0,90 per cent of carbon, 
simultaneously reaching the feolic transformation temperature. 
On cooling past this point, the remaining austenite, now called 
nardenite, in turn transforms into pearlite. The reaction may 
be Written : 

(8) hardenite ^ pearlite ^ ferrite -)- cementite, or 
(8) 0.90 per cent austenite := pearlite := ferrite -j- cementite. 
The sum of these transformations may as in case of region 
''' I^e written thus : 

(12) 2.00 per cent austenite = ferrite -f- cementite 
■ taking reactions (10), (11), and f8) collectively, the end re- 
I for the total journey through this region, including both 
■^•^ and lower boundary, may be written : 



^ 
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( 13) 2.00 per cent austenite + graphite ^ ferrite 4- cemen- 
tite, or 

(13) 2.00 per cent austenite 4- graphite = pearlite -f- cemen- 
tite. 

173. Region IX. SP'fk. PEARLITE and CEMENTITE. 
— GRAPHITE also is habitually present through lag, though 
theoretically absent. The pearlite and cementite result from re- 
action (9> which occurs in crossing and leaving region VIII. 
The graphite is that which formed in freezing, and failed to be 
converted into cementite by reaction (lo) on crossing EB'R. 

Theoretically no reaction occurs in cooling through this 
region. 

Our theories as to this region still lack proof: they must 
therefore be accepted very cautiously. 

174. Summary. — First there are two very important re- 
gions, the austenite region above GSER, and the ferrite and 
cementite or pearlite region below PSP'. 

Next there are two transition regions, the upper, including 
the selective freezing regfions II and III and the lower including 
the selective transformation regions V and VIII, 

Beyond this the austenite region may be divided into two 
parts, region VI, the non-graphitiferous, and region VII, the 
graphitiferous. The graphite of region VII through lag habit- 
ually persists in cooling and is present in regions VIII and IX ex- 
cept in their left-hand parts, to the left of the line eaEd. 

The several reactions which have been given in the preceding 
sections, 165-173 inclusive, are here summed up in Table 8. 

Having thus studied as it were the geography of the iron-car- 
bon compounds in a general way. let us pass on to consider certain 
features in more detail, particularly with the aim of finding the 
correspondence between the transformations in the freezing and 
cooling of the iron-carbon compounds, and the transformations 
in the freezing of other alloys, as set forth in Chapters II to V 
inclusive, 

175. The Freezing-point Ct'RVE, ABC. aBc: its Gener.al 
Features. — The left-hand part AB, aB is evidently of the fam- 
ily of the freezing-point curve of the bismuth-tin alloys, of the 
limited solubility type, Figs. 33 and 49, pp. 75 and 1 36, eutectiferous 
in the middle but not at its ends. The right-hand side of the dia- 
gram here given stops sliort at about 5.70 per cent of carbon 1 if 
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completed the diagram would of course run from carbon o. ir^^ 
loo, on the left, to iron o, carbon loo, on the right. As to the pr^ 
longation of this freezing-point curve to the right beyond carbcT 
5.5a per cent we have little information; our attention thus * 
confined to what is really but a fragment of the whole freezing' 
point cur\'e. 

The known part of the right side of this diagram is ap- 
parently not of the limited solubility but of the complete in- 
solubility type, which was assumed for simplicity for the salt- 
water and lead-tin cases (§§ 21, 48, pp. 26 and 62), Thus taking 
the freezing-point curve ABC, aBc as a whole, its two sides arc of 
different types, the left being of the limited solubility, bismiith- 
tin type, while the right is of the complete insolubility, salt-water 
and lead- tin type. 

B is evidently the euteciic, corresponding to 4.30 per cent 
of carbon, and 9570 per cent of iron. AB is the upper freezing- 
point curve when iron is the excess-metal, 1. c. when carbon is 
below 4.30 per cent and iron above 95.70 per cent, austenite 
(the solid solution of carbon in iron) beginning to freeze out 
when the temperature falls to any point on this line. BC is the 
upper freezing-point curve when carbon is the excess-substance, 
!. e., when carbon is above 4.30 per cent and iron below 95.70 
per cent, carbon in the form of graphite beginning to freeze out 
when the temperature falls to any point on this line. 

176. RECtONs IV AND V'll. Constitution of Iron at 
1050° IN THE Different RAN(.;i;s of Composition. Let us 
assume that the temperature has fallen from the molten stale 
to say 1050°, so that the freezing is complete, the metal is solid 
throughout, but that the transformations represented by the 
transformation group of lines GSER. PSP' have not yet begun; 
and let us consider the constitution. 

(i) Region IV. iVoH-Eutectiferous or Steel Range. In this 
region the red-hot or even white-hot metal consists essentially 
of austenite, the solid solution of carbon in iron, its concentration 
or in other words its carbon-content increasing progressively as 
we ijass from left to right. When of the Kolic composition, 
carbon 0.90 per cent, it is sometimes called hardenitc. 

177. (2) The Euteciic, of which cast iron containing 4.30 
per cent of carbon consists at this temperature, is intermediate 
in character between the eutectic of the bismuth-tin or of the 
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als H and G, or limited solubility type of alloys, and that 
of the lead-tin or complete insolubility type. It of course con- 
sists of alternate particles of its tivo constituents. Its left-hand 
member, austenite, corresponds to the saturated solid solution, 
saturated bismuth-bearing tin, of the tin-bismuth eutectic, and 
should for this reason be a solid solution of iron saturated with 
carbon, i. c, saturated austenite. Its right-hand member, graphite. 
corresponds to the assumed lead-less tin at the right-hand of 
I^ig. 24, p. 54. At least the graphite appears to be wholly free from 
^,iron; and if not wholly free, is at least nearly free; so that solid 
1 is certainly very nearly and perliaps quite insoluble in solid 
But in either case we may regard this graphite as a 
taturated solid solution of iron in carbon ; since, algebraically 
>eaking, zero per cent of iron would saturate carbon if this inso- 
^ilily of iron in carbon should prove to be complete. 

, {3) Region VII, Eutectifebous or Cast Iron 
Range. — Just as points between a and B and c in Figs. 33 and 
49 represent a conglomerate of the eutectic plus the excess-metal, 
bismuth or tin and metal H or metal C, as the case may be, 
saturated or not according to whether diffusion has or has not 
*"ace{l the initial heterogeneousness ; so here hypo-eutectic cast 
"^n containing between about 2 and 4.30 per cent of carbon is 
3 conglomerate of (i) the eutectic and (2) the excess- substance, 
austenite, a solid solution of carbon in iron, saturated or not 
^fcording to whether diffusion has or has not effaced the initial 
"sterogeneousness of deposition ; while hyper-eatectic cast iron 
■Containing over 4.30 per cent of carbon is a conglomerate of this 
^fie eutectic plus tlie now excess -sub stance, carbon, in ihe form 
''*^ graphite. 

Recapitulating, since at this temperature all cast iron, i. c, 

^" 'Ton containing over about 2 per cent of carbon, is the eutectic 

(anstenite-|- graphite) either alone or plus austenite or plus 

^Pliite, so it is all a conglomerate of austenite plus graphite. 

■f**^ truth of this statement is not affected by the fact that part 

■tf^hese two substances is intermixed as the eutectic, which in 

^B'*! is intermixed with an excess of one or the other. 

If he would avoid confusion, the beginner should here clearly 
recognise that in any hyper-eutectic cast iron, say in one conlain- 
"*E 5 per cent of carbon and 95 per cent of iron, the carbon is the 
ewess-siibstance and the iron the deficit-substance, in that the 
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carbon is present in excess over ilie eutectic ratio, and the ir^^ 
is below that ratio; and this is true in spite of the fact that xt 
percentage of iron is 19 times as great as that of carbon, and th^ 
there are about four times as many atomic equivalents of irt^ 
as of carbon present. (See § 34.-i. p. 40. J 

As already pointed out. theoretically the austeiiite shoul* 
be exactly saturated. If. 10 fix our ideas, we assume that 2 pe« 
cent of carbon just suffices to saturate it, then the percentage 
of graphite present should simply be whatever excess of carbon 
is present abo\'e this 2 per cent. But in freezing the carbon ap- 
pears reluctant to pass from its initial state of solution into 
that of graphite (reaction (4), Table 8) and to tend rather Ic 
remain in solution after freezing. In other words, the passage oi 
the carbon from the state of solution into that of graphite ap- 
pears to lag, so that the austenite often contains niucli more than 
2 per cent of carbon, and thus appears to be far supersaturated 

T7Q. Genesis ok this 1050" Constitutiox. — Let us nexl 
consider how the constitution which exists in regions IV and VII 
comes into existence; and let us follow in Fig. 68 the cooHi^ 
from 1600° to 1050°. of typical kinds of iron, i. e.. of differenl 
irons each containing a typical percentage of carbon. Let us 
select (i) eutectic cast iron. (2) steel of 1 per cent of carbon, 
(3) hypo- and (4) hyper-eutectic cast iron. For simplicity we 
will ignore lag. and assume that the transformations complete 
lliemselves as they fall due. 

For the purpose now in hand it is well to remember that this 
steel which we are about to consider differs essentially from these 
several cast irons in that it is non-eutectiferous. while tliey are 
eutectiferous. at least theoretically. 

180. ( r ) 4.30 per cent, Eutectic cast iron with 4.30 per cenl 
of carbon undergoes but one change, ils freezing and simul- 
taneoiis splitting up into its alternate plates of graphite and o! 
saturated austenite at temperature B (1130°). The cooling curvi 
is like that of any other eutectic. Figs. 10 and 28 £. and the cor 
respondence is as follows: 

Fig. 2%E Fig. fS 

AC Q"B Molien eiilectic cast iron coola. 

CD B It freezes at constant temperature.' J 



The solid eutectic ca^t iron cotds. 
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e[2) I.OO per cent. Sled of 1 per cciil of carbon. (Q), 
^ 16 q on the !ine AB begins to freeze selectively quite like 

our alloy of metals H and G, q in Fig. 49. The first freezing layer 
or nucleus has composition p ; and, as the temperature further falls 
'he temperature and composition of the mother-metal slide along 
■^■S from (/ to 5 as it becomes progressively enriched in carbon by 
*"« selection ; those of the layers in the act of depositing slide 
'•Tarn ^ to i as lliey become correspondingly enriched Jn carbon, 
following a line somewhere near the ps here sketched ; and those of 
'he frozen mass (assinning that diffusion effaces the initial hetero- 
S^neoiisnesss of deposition), slide simultaneously along Aa from 
P to r as it too becomes progressively richer in carbon ; or. if dif- 
fusion is incomplete, then by some other path to some point 

*essarily on the ordinate QW, since the final composition of the 
pnolly frozen mass must be that of the initial molten metal, Q ^ 
I per cent. 

The cooling curve is like that of Fig. 30, p. 71. the cor- 

*pondence being as follows ; 

Fig. 68 

I -^B Qq Molten steel cools. 

} -Be qr It freezes selectively forming unsaturated aiislenile. 

C"£ rr' Solid steel cools. 

(3) 2.50 per cent. The cooling of hypo-cutcctic cast 

'On, containing say 2.50 per cent of carbon. Q', is like that of a 

*^teciiferous alloy of limited reciprocal solubility when solid, ti, 

'&- 49. On cooling to ii (1280°). as before, selective freezing 

f"^ins with tlie freezing out of aiistenite, and the temperature and 

'position of the mother-metal slide from « to B as selection 

iches it: those of the layers in the act of freezing slide from 

'o f, thence to a, and thence skip to B, as they pass successively 

through the stages of (i) unsaturated austenite, (2) saturated 

sustenite, and {3) the eutectic; while those of the frozen mass 

^5 a whole slide from m to a, as a solid solution ; they then slide 

nonn (I to fi as a conglomerate of austenite and eutectic. The cool- 

'"E curve is like that of Fig. 31. and the correspondence is as fol- 

,lows: 
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Molten hypo-euteciic cast iroi 
Unsaturated austemte freezes. 
Subsaluration division : 
Saturated ausienite freezes. 
Saturation division: 
The eulectic freezes at constant temperati 
The wholly frojen hypo-eutectic cast iron cools. 
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183. (4) 5.00 per cent. The coaling of hyper-eutectic cast 
iron, finally, is like that of our salt-water solution and iead-titi 
alloys, the components of which we assumed for simplicity to be 
wholly insoluble in each other. Selection then is rigid, the ex- 
cess-substance, carbon (which when the mass was molten would 
be regarded by some as the solvent) , freezing out wbolly free from 
the deficit-substance, iron. 

During the selective period of the freezing, VT" , then, it is 
pure graphite which freezes out, the mother-metal becoming cor- 
respondingly enriched in iron, »'. e., impoverished in carbon, its 
temperature and composition sliding from T to B, and its carbon- 
content falling to tiie eutectic ratio of 4-30 per cent and simultane- 
ously reaching the eutectic freezing-point of 1130°. Now begins - 
the unselective or eulec tic-freeing period, during which the:= 
mother-metal in freezing forms the eutectic. 

The mass when wholly frozen, then is a conglomerate oW 
(1) graphite frozen out between T' and T" and (2) the eutectic^ 
frozen out at T". 

The cooling curve is like that assumed for ice, lead, and tin^ 
Figs. 8, 28 B and 28 F, and the correspondence is as follows : 

Figs. 28 £ and 28 F Fig. 68 ^^| 






Hyper-culectic molten c; 

Graphite freezes out, sf 

The Eutectic freezes < 

perature, T". 



184. CoNDiTioxs Affecting the Quantity of Graphit ' 
Formed, — It is a familiar fact that the presence of silicon favoi^^ 
the formation of graphite. A11 carbon in molten cast iron may l^^* 
regarded as combined with or dissolved in the iron, because othe^^^ 
wise it would rise to the surface. Of this carbon a variable amour^^' 
turns into graphite during cooling, the proportion increasing (l ^t 
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with the slowness of the cooling, and (2) willi the silicon-con- 
lent of the metal, at least until this latter reaches 0.75 per cent,* 
but diminishing with the sulphur-content, and under certain con- 
ditions with the manganese-content. In foundry parlance, iron 
either nearly free from silicon, or rich in sulphur or manganese, 
is apt lo be " white," i. e., its fracture reveals little or no graphite ; 
but iron containing at least a moderate proportion of silicon, 
especially if it is relatively free from sulphur and manganese, is 
asually gray, 1. c, its fracture passes along the plates of graphite 
which have formed within it during solidification. 

So, too, other things equal, the more slowly cast iron is cooled, 
the grayer it is, i. c, the more graphite is seen in its fracture, 
because the slowness of cooling favors the formation of graphite 
during freezing and especially favors its crystallizing in large 
plates, which readily determine the path of rupture, and hence are 
the more prominent in the fracture. 

The fact that slow cooling stimulates the formation of gra- 
phite may reasonably be explained by its giving greater opportuni- 
ty for the lagging reaction (3) [or (6)] to take place. But it is 
P^^obably the slow cooling through the freezing-range, and also 
"Tough region VII, which should stimulate the formation of 
S^'^phitc; and slow cooling through region VIII should lessen the 
P**"centage of graphite, by increasing the opportunity for reaction 
' '*^3, also a lagging reaction, to take place. 

These effects of silicon, sulphur, and the rate of coohng are 

_ iron foundry practice played against each other, in order to 

^^"^ to the castings of cast iron the percentage of graphite desired, 

. "^i through this to ensure their having the proper constitution, 

' ^- J the proper ratio between ferrite and cementite in their matrix. 

'^Ms if the percentage of sulphur is greater than usual, the per- 

**tage of silicon should be increased. Again, if the castings 

*"^ going to cool rapidly, either { i ) because they are to be thin, 

^2) because they are to be cast in green (1*. c, moistl sand 

^<^lds, or even in iron moulds, instead of in baked {>. e., dried). 

^^<3 moulds, then since this rapid cooling will tend to restrict 

^ formation of graphite by reaction (3) [or (6)], the percentage 

silicon in the iron should be increased so as to offset this, by 

"'Ululating the formation of graphite. 



*The author. Trans. .4m. Inst. Mining E'lginccrs, XXX, p. 731, 1900. 
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185. The Role of Silicon is not yet clearly established 
thoiigli Tiemann's* results, as well as Royston's.f indicate that 
has a direct stimulating effect on the formation of graphite. Bi*: 
the phenoiiiena of liie blast-furnace casting house suggest that, bc« 
yond tliis, silicon probably shifts the eutectic composition to th» 
left, and sulphur probably shifts it to the right, as will now be 
explained. 

In hypo-eutectic cast iron, the formation of graphite shouIJ 
occur only when the metal has cooled down to the eutectic freez- 
ing-point, I. e., after the aiistenite which forms during selective^ 
freezing, say from 11 to «", has alread)' frozen; in short after 
the metal has so far frozen that the graphite as it forms could 
hardly be expected to separate by gravity, because it would be 
greatly entangled in the already frozen aiistenite. But in case of 
eutectic and hyper-eutectic cast iron, graphite forms in the very 
first freezing, and therefore at a time when not enough of the 
metal should have frozen to entangle and mechanically retain the 
graphite, which is so light that its tendency to remove itself bodily 
out of the metal by gravity is very great. The great difference in 
density puts this case into sharp contrast with those of most alloys, 
in which, as pointed out in § 37, p. 44. the difference in density 
between the different constituents is too slight to cause perceptible 
stratification. 

Now when cast iron is stored in the great mixers of the 
blast-furnace casting- house, it is very close to its upper freezing- 
point, and it is often so cool as to suggest strongly that it is below 
that point, so that a considerable amount of selective freezing oc- 
curs. Indeed a thick crust often forms. Under these conditions 
a large quantity of graphite rises to the surface of the molten cast 
iron and is blown thence about the building. This is true even 
when the iron contains considerably less carbon than the pro]X)rtion 
here given as the eutectic ratio, vie, 4.30 per cent. This separa- 
tion of graphite, and indeed the very presence of this graphite, 
indicate that the selective freezing which is occurring is the forma- 
tion of graphite ; and this in turn indicates that the metal is hvper- 
cutectic, in spite of having less than 4.30 per cent of carbon. 
This, however, implies that the eutectic carbon-content, instead of 



* MrlaUographUl, IV. pp. 313, 319 to 321. 
t/oHm, Iron and Steel Inst.. 1897. I, p. 166. 
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^^^^''^E 4.30 per cent, is a considerably smaller quantity, or in 
*"t:>i"t that tlie silicon which such cast iron always contains has 
*^i fted the position of the eutectic to the left. 

The fact that, if cast iron contains much sulphur, no graphite 
Seen blowing about the casting-house, is quite in accordance 
tW this siipiKJsition,. for this is just the resuU which we should 
^^ci>ect if sulphur were to shift the eutectic position to the right. 
qiiittr as we have supposed that silicon shifts it to the left. 

The fact that cast iron which contains silicon often has very 
^^uoh less than 2 per cent of its carbon in the combined state as 
^^■■^lentite, suggests that the presence of silicon has the further 
^*foct of shifling the saturation -point line Eae to the left. For 
'* ttie theoretical reactions were lo take place to their full extent 
tlid-e should be in the cold cast iron at least enough carbon as 
^^rrjentite lo have saturated the austenite when the cast iron was 
in region \'JI. Any lag of the transformations would seem to 
^'*^'~k in the opposite direction of increasing the percentage of 
*^^''fc»on as cementite above this saturation ratio rather than in the 
'^^'"^ciion of reducing it below this saturation ratio. 

Thus, ( I ) the fact that such cast iron, though containing all 
*-**^ perhaps 4.00 or 4.50 per cent of carbon, contains ver.- much 



*^ss combined carbon, very much less carbon as cementite, than 
Hid saturate the austenite if its saturation -point were in the 
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^*Shborhood of 2.00 per cent, together with (2) the fact that 

'^'^li cast iron ought to contain enough combined carbon to have 

?^**arated that austenite at the time when it existed, ^ these facts 

^^**^tly suggest strongly that the silicon has lowered the saturation- 

'**it of the austenite, or in other words has shifted the line Eae 

IJie left. 

86. Areas IV to VII Inclusive, Transformation 
^^»*VES, GHSE, P5P'. — The underscored V curve GHSE. 
■~* ^' is closely comparable with the freezing-point curves of our 
"^•^ pi ete-in solubility series of alloys, eutecti ferous throughout 
^ir length, the type to which we assumed for simplicity that salt- 
**tcr and the lead-tin alloys belong. But instead of representing 
"^^^ freezing-points, 1. c. a passage from the molten to the solid 
statue, it represents transformations which take place within the 
^•*ri but still red-hot and plastic steel. As we have seen composi- 
"'^'^ S, about 0.90 per cent of carbon, is that of a definite asolic 
cjiiasi-eulectic (§ 148, p. 178I, pearlite. composed of alternate 
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plates of ferrite or iron, and cenieiittte or the definite iron-carbi 
FcjC, in the ratio of about 6 parts of the former to one of 
latter. 

187. Genesis of this Constitution, — While this has 
deed already been treated at some length, especially in §§ 145 i- 
149, 169 and 172, yet a second presentation of the matter in a dii 
ferent and more concise form mav be acceptable to some readeri 
To this end let us follow the cooling of steels of three typica — " 
compositions, jns., 0.90, 0.50 and i.oo per cent of carbon respect — 
ively, i. e., aeoHc. hypo-seolic and hyper -seolic steel, looking par — 
ticularly at the manner in which the constitution found in th^ 
steel when cold comes into existence, or in short, the genesis ofc 
this constitution. In each case let us suppose that the coolin^^ 
metal has previously been cooled from the molten stale to 1150°^ 
at which temperature we have already seen (§ 168, p. 198), thaW 
the metal is unsaturated austenite. 

188. (i) ,^OLic Steel, 0.90 per cent carbon. Austenite oft" 
this composition, or seolic austenite. has received the special nam^ 
of " hardenite." In cooling this undergoes no transformatioir-^ 
until the temperature has fallen to 5". On passing 5" the hardenite 
is transformed into the seolic pcarlite already described. 

The cooling curve is like that of any eutectic, Figs. 10 ant3 
28 £, and the correspondence is as follows : 




Fig. 28£ 



Fig. 1 



I 



The solid but red-hot hardenite cools. 

The hardenite is resolved into the seolic pearlite 

Pcarlite cools. 



189. (2) Hypo-aolic sled, 0.^0 carbon. — In cooling fron* 
1130°, h", the first transformation begins on reaching the lin» 
HS at h'". As the temperature begins to descend from this poin' 
to the point h" on the line PS. the excess-metal, iron or ferrite^ 
begins to separate out within the plastic mass in the form of dis- 
tinct grains or imperfect cn,*stals, and this separation of ferrilw 
within the plastic mass continues from h'" to A". 

This separation is clearly parallel with the selective freezini 
of lead from a lead-tin alloy rich in lead, or of ice from a salt-- 
water solution. It is a progressive separating out of the excess — 
substance, iron, and is therefore accompanied by a corresponcts 
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enrichment in carbon of the residual plastic mother-metal, so 
t^a-t as the temperature falls the composition and temperature of 
th^ mot her- metal at successive instants are represented by points 
ir» tile line HS between It'" and S, or in other words, the tempera- 
t\ir^ and composition of the plastic mother-metal slide from h"' 
to ^. Consequently by the time the temperature has fallen to 
S^o* or h'", tile mother-metal has reached the aeolic composition 
o^ tiardeniie, and simultaneously the a:o!ic transformation temper- 
3-turc. On farther fall of temperature this hardenite splits up 
uitci alternate layers of ferrite and cementite, or in other words 

t' resolved into pearlitc. 
The cooling curve is like thai of an alloy of two metals 
^ciprocally insoluble, such as lead and tin. Fig. 2&B,C, D and F, 
■" like that of salt water, Figs. 8, 9 and 11. 
The correspondence is as follows: 

190. {3) Hyper-.eolic Steel, 1 per cent carbon, r'll'. The 
.-^'^^'ing is undisturbed from r' 1130° until the temperature falls 



. C. D, eU. Fig. 68 



A"'Aiv 



Hypo-xolic red-hot austenite cools. 

The excess- substance, ferrite. separates out, 
and the moiher-metal is enriched in carbon 
till it becomes hardenite, 1. c, austenite 
of ag per cent carbon. 

Hardenite is resolved into pearlile. 

The conelomeratc of pearlitc plus ferrite 



to 



a on line SE, but here the excess- substance, carbon, begins 
form or separate out in the shape of crystallites of cementite 
l_^*~»Tianently imprisoned within the plastic metal in which they are 
- '^fi. The cementite continues to form as the temperature falls 
. 'i'*^»ii L to i; on the line PSP'. This birth of cementite like the 



^t^li of ferrite in the last case, is parallel with the freezing out of 

'*'^ excess-metal from a molten alloy of the complete insolubility 

,^E*^. or of salt from salt water. The separating out from the 

T^'tial austenite of the crystallites of cementite, which contain 

■^? per cent carbon, impoverishes the mother-metal in the 

. '^*^ess- sub stance, carbon, and enriches it in the deficit- sub stance, 

*^^, and this impoverishment in carbon continues as the tempcr- 

*l\are falls, so that, as it were, temperature and composition slide 
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along the line LS. Hence when the temperature has fallen 
the Kolic transformalion-point, S, the composition of the mothe- 
metal has reached this same point, or in other words, the ausleni"^ 
has been impoverished in carbon imiil it has reached the liardeni^ 
ratio 0.90 per cent carbon, 99.10 per cent iron. 

With further cooling this hardenite as before splits up int::= 
pearlite, at approximately constant temperature, S. and once thS 
transformation is complete the further cooling is without an^ 
further transformation that requires our present attention: 

The cooling curve is like that of the hypo-ieolic steel and therc= 
fore like that of any alloy of two metals of the complete insolubility 
type, Figs. 28 B to 28 D, etc. The correspondence is as follows 



Figs. 28S to aSD, etc. Fig, 68 



Ri-il-hoi ]ila=tic liyper-seolic steel cool;. 

Ccmenlile, the exceis-subsiance, form - 
wilhin the plaslic mass impoverishin 
[he mo iher. metal in carbon till = 
reaches the hardenite ratio, O.90 carbon 

The hardenite molher-meta! splits i^H 
into pearliie at approximately constat 
temperature. 

The conglomerate of pearlite plus cen^ 
entite further cools. 



Transformations parallel with those in solid iron appear ■o 
occur in some alloys when solid, for instance those of copper a^^d 
tin,* and those of copper with antimony. Fig. 51, p. 150. , 

191. DIFFERENT ALLOTROPIC STATES. — A co«r^- 
plication is introduced by the fact that the iron of the austenite *' 
region IV is in an allotropic condition different from that of ^^^ 
iron which is liberated as ferrite as the metal cools from reg*^ 
IV into regions V and VI. In region IV the iron in the ausie*' * 
is in ihe allotropic state known as gamiita (y) iron; but the i^*^ 
liberated as ferrite by the transformation in passing from reg"**^ 
IV into that part of region V which lies above the line MH, is ^ 
the beta (^) slate, Moreover when the temperature falls past f*^ 
line MH this beta iron again changes to alpha (a) iron, 

• Wm. Campbell. "Microscopical Examination of the Alloys of Cop'' 
per and Tin," Proc. Inst. M^chankal Engineers, Dec. 20, 1901. 
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192. Special Nomenclature of the Transformation 
JRVES, CHSE, PSP'. — In order to indicate with precision the 
Iture of the changes which correspond to each of the steel traiis- 
*Tnation curves, and further to indicate clearly the correspond- 
Ice between the transformations during cooling and those during 

of temperature, Osmond instilutcd a special set of names, now 
general use. based upon Tschernoff s original nomenclature. 

The temperature at which gamma iron changes to beta ( which 
the temperature at which free iron or ferrice begins to separate 

of the austenite, e. g., K' in the case of the 0.20 per cent 
'bon steel), is known as At,; that at whicli beta changes to 
'ha is known as Ar, ; that finally at which the residual mother- 

Ftenite which has remained undecomjwsed during the fall from 
to A'"' and at K'" changes into pearlite, is known as Ar,. 
Between H and S, Ar, ami Atj occur together, as do Ar. 
W Ar, between 5" and P', and Ar,, Arj, and Ar, at i" itself; si 
ftlt these critical points in these special cases are called Ar^., 
?'e_i, and Arj.^, respectively. The corresponding critical points 
wich occur during rise of temperature, with the reverse trans- 
S>rtTiations, are called Ac,, Acj, Ac,, etc. Here A (Tschernoff) 
their generic name, r refers to falling temperature (refroidis- 
"t). and c to rising temperature (chauffant). 

When A, is spoken of without indicating whether Ar, or ^Vc, 
referred to. it should be understood that this transformation is 
>kcd at in a general W3\\ both the Ac, transformation in heating 
"i the Ar, transformation in cooling being in mind. 

As to the shifting of the temperature of these transformation 
[•^es see the last part of § 164, p. 196, 

193. Properties of the Allotbopic St.^tesj — As to the 
rties of these three allotropic states of iron a word may not 
,t of place. 

Alpha iron is iron in the state in which we habitually know it 
:c softest and most ductile varieties of steel and wrought iron, 
ilatively weak, ductile metal strongly magnetic. This is the 

itahle at all temperatures below Ar, and is characteristic 
■ought iron and slowly cooled low-carbon steel. In other 

the molecules of iron which constitute the ferrite of 
Ight iron and low-carbon steel are apparently in the alffha 

fact which harmonizes with the softness and ductility of 
.varieties of iron. Doubtless this softness is to be referred 
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in chief part to the fact that these varieties are composed chieflY I 
of the soft ferritc and in only small part of the glass-Iiard ceC*' 1 
entite ; but tlie ductility and softness are probably e.vaggeratd I 
by the fact that this ferrite is in the atf'lia state, instead of beifS 
in the beta or gamma state. There is important evidence •** 
support of this view. J 

Beta iron is non-magnetic (in the usual sense of being ve**^ 
feebly magnetic), is stable between Ar, and Ar^, is probably ve*"^ 
hard and brittle, and is probably characteristic of certain sel *' 
hardening steels, such as manganese steel containing 7 per ce*'*^ 
of manganese, and perhaps also of normal or carbon steel wh^^* 
hardened by sudden cooling from a red heaL 

Canima iron also is non-magnetic, and it is stable at leniper^^* 
tures above Arj. It is probably characteristic of nickel and higt"^™ 
manganese steels (say of 12 to 14 per cent of manganese), and :^^ 
probably relatively hard yet ductile. ' 

That iron becomes stronger, harder, and less ductile as iK^ 
carbon -con tent increases, must be in very great part referred to tV^«- * 
mechanical influence of the cementite, Fe.,C, which that carbo:^^ 
forms, in the ratio of 15 parts of cementite to each part of carbom— ^ 
but it also may be due to the brake action of this carbon, induc-^ 
ing part of the free iron or ferrite to remain, during its coolin^^( 
from the high temperature at which it is cast or forged, in on-— ^ 
of its harder and stronger allotropic states, tela or gamma. ' 

194. Transformation Parallel with Fbeezisg. — To r«=^ 
capitulate, our transformation phenomena in steel in its critics^^ 
range are closely parallel with those that occur in the freezin^E-^ 
of a lead-tin alloy, or a salt-water solution. Thus, our slowl;:i_ ■* 
cooled steel will consist of pearlite plus an excess of cementite o-^^ 
of ferrite according to whether carbon is present in excess abov ^ ^ 
the pearlite ratio 0.90 per cent, or is below that ratio. The V 
shaped transformation curves, the horizontal transformation lin^ * 
PSP' which underscores them, the separation of an excess-sub- ^ 
stance beginning at the V-shaped curves, the corresponding pro — '^ 
gressive change of the mother-metal in composition until at th^^ 
transformation line PSP' it reaches the hardenite ratio, the ensu — " ' 
ing transformation of the hardenite into inter stratified plates of it^^ 
components in the form of pearlite. the fact that the pearlite is o^^ 
constant composition, independent of the initial composition, and^* 
that its composition is not in simple atomic ratio; the occurrences^ 
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of siirfiision giving rise to the recalescence ; all these facts are 
i-xactly parallel wilh what occurs in the freezing of a eutectif- 
■Tous alloy. Pearlite, the asolic, differs from a true eutectic 
'>nly in being generated by a transformation within a plastic solid, 
instead of by the solidification of a fluid. Hardenite is the 
In transformed, pearlite the transformed and split xoWc. 



I 



CHAPTER IX. — THE HEAT -TREATMENT OF STEEL 
AND CAST IRON 



195. The Heat-treatment of Steel and Cast Iron. In 
'-General. — The properties of steel and cast iron can be modi- 
'led profoundly by thermal treatment. The two chief principles 
involved are the control of the lagging reactions, especially (4), 
(9) and (10), and the control of the structure. 

By the control of the lagging reactions, I mean causing them 
*o Occur to a predetermined degree, so as to control the proximate 
Constitution of the alloy, for instance so as to give it exactly the 
^'^sired proportion of austenite on one hand, and of ferrite and 
*^ementite on the other. We control these reactions either by 
•"^striding them by proper rapidity of cooling when they naturally 
'^nd to occur spontaneously in the cooling of the metal from the 
"'eh temperature at which it is made, cast, forged, or rolled; or 
°y stimulating them so as to cause them to occur to a greater 
^eree than would be natural under normal conditions of cooling. 
'le reactions upon which we play are probably chiefly the fol- 
'owing: 

(4) molten solution ^^2 per cent austenite + graphite 
^§§ 166 and 167, pp. 197 and 198) ; 

^H (9) austenite = ferrite + cementite (§ 169, p. 199), and 
^V (10) graphite + austenite = cementite (§ 172, p. 200). 
^^ Reaction (9) is characteristic of both steel and cast iron; 

'^^ctions (4) and (10) are characteristic of cast iron only. 

VVhile all three of these reactions are subject to lag. i. c. while 
^^y all take an appreciable length of time, reaction (9) is very 
^*Jch more rapid than either of the others. It appears to take 
Usually 3( most but a few minutes, whereas reactions (4) and 
j-\to) are much slower. Reaction (4) indeed, for reasons already 
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pointed out. occupies several days, as in the annealing operati<:>*i 
in the manufacture of malleable cast iron, (_§ 22~, p. 281. i 

By control of the structure we determine the size and a 
rangement of the individual grains or crystallites of the sevcr~^l 
microscopic constituents. 

Most methods of heat-treatment actually control botli tl^* 
proximate constitution and the structure. 

Let it not be supposed that, because the principles of he^at^ 
treatment can thus be formulated with precision, the exact pr 
portions of the constituents and the exact structure develot>^r<3 
bv certain procedure are known with coires ponding accura<r^' 
So far is this from being true, that our knowledge even of cli« 
outward effects of heat- treatment upon the useful properties 
such as tensile strength is extremely fragmentary; while as ^*^ 
even the explanation of the processes of heat-treatment our kno**/"!' 
edge is most incomplete. The following explanations are givc^ 
as at least consistent and reasonable. If a positive form of stat* 
ment is often used, it is to avoid the endless and bewildering 
repetition of cautions as to the lack of conclusive proof of tV** , 
theories set forth. 

We will now go on to consider certain processes, the hardC' 
ing of steel, the chilling of cast iron, etc., which act chiefly throuS* 
controlling these lagging reactions. And first let us note tl»< 
influence of lag upon the shape of the cooling curves. 

Processes Operating Chiefly through Control of the Proxitncr^* 
Constitution 

196. Deformations of the Cooling Curves by Lag. — I' 
as we saw in § 30, changes of state from liquid to solid *"" 
to gas. accompanied as tliey are by such tremendous changes "' 
energy, can through one cause or another be prevented fronr 
occurring at their normal temperature, so that a liquid may re- 
main liquid for many degrees oulside the temperature limits whi*^*' 
normally bound the liquid state, very far above the boiling-poio* 
at one end, and far below the freezing-point at the other, — '' 
is no wonder that the relatively mild transformations in soli" 
iron and in olher metals should, through means akin to saf 
fusion, he so obstructed that they do not occur promptly whc** 
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their nonnal temperatures are reached. In fact these changes 
may not actually set in until the temperature has passed much 
beyond the normal boundary temperature, and may then occur 
slowly; and thanks to this slowness they may even be arrested, 
oy cooling the metal rapidly to a temperature so low that the 
leeble force lending to the transformation is unable to overcome 
what we may call the molecular rigidity which the cold induces. 

These transformations in general are thus spread out so 
tttuch as to deform the cooling curves very greatly, and indeed 
they can be made much clearer by plotting the data after a dif- 
ferent plan, vi::,, by using as abscissa not time reckoned from 
the beginning of the record, but the interval of time occupied 
'" passing from each degree (or fraction of a degree) to the next. 
^'S. 12 is plotted on this plan, as also is Fig. 6g, p. 220, the 
^fJoling curve of hyper-^oHc steel. The latter is lettered con- 
lormahly with the cooling curve in Fig. 31. 

From A to B the austenite cools undisturbed; at B cementite, 
•^le excess -sub stance, begins forming, i. e., crystallizing out within 
'he plastic mass, and thus impoverishing the mother-metal in 
'^^rbon. This continues from B to C, at which point the mother- 
^^tal, now become hardenite. is transfonned into the ieolic 
l^arlite. 

197. The Recalescesce.* — In particular, the transfor- 
'"ation of the jeolic austenite into pearlite (reaction (9). at .^r,, 
•^/", Fig. 68) does not begin habitually until the temperature 
"*s sunk considerably below the normal transformation tem- 
perature, while the reverse transformation on heating steel does 
""^t take place till the temperature has risen appreciably above 



this 



pomt. 



When, however, reaction {9) does set in. it takes place so 
■^F^idly and with such evolution of heat, that the temperature 
^'*^s abruptly, quite as in the case of surfusion shown in Figs. 
'+ and 15, pp. 35-7. so that the metal brightens visibly and reex- 
P^'^ds. This phenomenon is known as the recalescence. It is 
'"'^liable, however, that the rise of temperature does not reach the 

'^'-'e transformation temperature: at least it does not pass it, so 
'"^t the transformation of hardenite into pearlite is not arrested. 

'•^^ sharp peak at CD, Fig. 69, represents this recalescence. 



:akscence. see § 208. p. 235- 
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In this figure ordinates represent temperature, while abscis 
represent, not time from the beginning of the observation, but t 
interval of time occupied in cooling through a given number 
degrees Centigrade. Point B represents the upper limit of regi 
VIII, I. e., Afj. The part DE is not given in the original, but 
sketched in here by eye. 

This phenomenon is by no means an isolated one. Person i 
ported in 1847 a Hke recalescence by d'Arcet's alloy, which soli« 
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ilea 3196°, then coois regularly to 57° and then suddenly recalesces 
one or two degrees.* 

This actual rise of temperature through the rapid evolution of 
heat due 10 the rapidity of the transformation once it sets in well. 
'"erninds us of the bumping of solutions. They rise very slightly 
abo\'e their proper boiling-point, boiling begins, and because this 
temperature is above the true boiling-point the boiling is violent, 
or biimping- 

198. The H.\rdenixg and Tempering of Steel. — The fore- 
going puts us in a position to understand the more prominent 
'Matures of the heat-lrcatment of steel, such as liardening. tem- 
pering, I. €., mitigating the hardening, and annealing. 

To recapitulate, if steel is cooled suddenly from above the 
*^'"itical range A, to A.,, it is thereby made harder and less ductile 
*^'" even extremely brittle, and is said to be "hardened." The 
*^<^gTee to which it is thus hardened increases with the carbon- 
content, so that, whereas ver}- low -carbon steel is affected only very 
^'igrhtly, steel with 1.00 per cent of carbon is made as hard and 
"early as brittle as glass. 

The hardness and brittleness induced increase with the rapid- 
**>" of cooling without limit, but they are apparently nearly inde- 
pendent of the temperature from which the sudden cooling begins. 
f**"ovided that this is distinctly in regions IV or VII of Fig. 68, 
'■ ^-, provided that the quenching temperature is above the trans- 
**'"uiaiion range, regions V and VIII of Fig. 68. As. in a series 
*^* pieces quenched from different temperatures, the quenching 
^'^peralure progressively rises from specimen to specimen 
'**~oiigh the transformation range, so do the resultant hard- 
, ^Ss and the brittleness of the quenched steel. In short, the 
^*"<Jening power is acquired in rising through the transformation 
"^^e. and is lost progressively in slow cooling through that 

, The tensile strength at first increases with the intensity of 

, ^''ciening, but reaches a maximum and then declines. In case of 

*&li-carbon steel a moflerate rapidity of cooling may give the 

*&liest tensile strength: but in case of low-carbon steel the ten- 

*'e strength seems to increase with rapidity of cooling without 



'Complfs Rciidiis. XXV. p. 444. 1847. 
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Hardened steel is "tempered," i. c. the hardening is mitigat 
or let down, by slight reheating, say to 200° or 300° ; and the sti 
is "annealed," 1. c, the hardening is completely removed, by ' 
healing farther, say to 600°. After this reheating to 200° 
300° it is immaterial whether the steel is then cooled suddenly 
slowly ; the degree of tempering is the same in either case : a 
the same is substantially true of the higher heating to 600°, 

The reason why this sudden cooling from above the criti* 
range thus hardens and embrittles steel is, as is now genera- 
admitted, that the rapid cooling denies the time needed for t 
completion of the change from the condition of austenite into tt 
of ferrite and cementite, with the consequence that the sudde* 
cooled steel actually consists of austenite, which is much hare 
and more brittle than the mixture of ferrite and cement 
into which the steel tends to change at all temperatures below C 
critical range. 

The tendency to change appears to increase as the te« 
perature passes farther and farther from the normal transform 
tion temperature; but as the temperature descends, a resistara 
to this change arises, a resistance which grows more rapidly ths 
the tendency to change ; so that by the time the metal has reach- 
the room -temperature, the change, which is still tending to occu 
is prevented by this resistance which we may assume provisional 
is frictional in its nature. In hardened steel the molecules a. 
locked in the abnormal condition of austenite by what we may cs 
the frictional resistance of the cold. This will be farther eluc 
dated in § 201. p. 225, 

The pearlite, either alone or with the excess of ferrite 
cementite. into which austenite is resolved in slow cooling, is mu« 
softer and more ductile than austenite. in spite of the fact th 
cementite itself is harder than austenite. But this cementite 
accompanied by a quantit)^ of ferrite so great as to outweig 
greatly its influence. Thus, slowly cooled steel containing i.c 
per cent of carbon would have only 15 per cent of cementii: 
mixed with 85 per cent of ferrite. The bearing of this is of cour 
uninfluenced by the fact that the 85 per cent of ferrite together wi' 
13 out of the 15 per cent of cementite, are interstratified : 
pearlite, so that the steel consists of 85 + 13 =: 98 per cent ■ 
pearlite plus 2 per cent of free cementite, i. c, cementite in exce: 
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IPf the eiUeciic ratio, and hence structurally free from that 
pcarlite." 
The higher the carbon-content of the steel as a whole, ( i ) 
Be higher is the carbon -con tent of the austenite which is preserved 
"y sudden cooling, and (2) the harder is the suddenly cooled steel. 
Fact (2) may be referred to fact (1), or to the apparent brake 
action of the carbon which retards the transformation from the 
^m "B-rd, beta or gamma brittle iron to the soft, ductile alpha iron; 
^kor better to both causes jointly. 

^H The much greater hardness of austenite than of the mixture 
f of ferrite and cementite into which it is resolved in slow cooling, 
suffices to explain readily the hardness and britlleness which its 
'"'^tention by sudden cooling causes, and there is general agreement 
*hat this is the cause of the hardening, though as to the consti- 
'"tioii of austenite it appears that some have not yet been con- 
^''Hced. 

199. The Hardening Ixcreases as the Quenching Tem- 
^ER^fL^RE Rises through the Critical Range, but it is In- 

^El'ENDENT OF THE TEMPERATURE ABOVE THAT RaNGE. — The 

'•allowing table shows how the tensile strength and hardness of 

"Should it appear sirange that hardened steel is actually very much 
^arder, indeed incomparably harder, than the same steel when annealed, 
*" spile of the fact that the cementite present in the latter is actually 
^•■<Ier than the austenite of which the former consists, a simile 
*'^Pl3in the apparent anomaly. 

To fix our ideas let us consider the case of lolic steel, which 

"^n annealed consists of about 6 parts by weight of ferrite to each 

*^'^ of cemeniite. Compare with the steel in its hardened and its 

''"eaied states respectively (l) bronze, and (2) a mechanical mixture 

finely -ground dust of glass In impalpable powder with six times its 

^^l«me of lead. (Those imfamiliar with the properties of bronze and 

^**I may substitute putty for lead in this comparison.) 

Such a mixture of glass dust with an overwhelming excess of lead, 

, '*ilc doubtless sliffer and harder than the lead alone, must clearly be 

. "^OTiiparatjly softer than a like mass of solid bronee, although the glass 

"^^I( is mi|ch harder llian thai bronze. Quite so the mixture of which 

'*'" annealed steel consists, of one part of hard cementite in impalpably 

'"* grains with an overwhelming excess of soft copper-like ferrite, is 

^tiirjiiy softer as a whole than a mass of austenite of which hardened 

^2*** consists, although the cemeniite in the annealed steel is itself harder 

The thing to look at is the great excess of the soft 

1 which the microscopic particles of cemeniite in annealed steel 

' drowned. 
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fclof 0,21 per ceni carbon increase as the quenching temperature 
be ihrrmgh the critical range (600° to 714°), how the diictil- 
Ecorrespondingly diminislies, and how the peartite and ferrite 
IP progressively replaced by austenite (variety martensite). The 
lie further shows when once the quenching temperature has 
en above the transformation range {733° I. further rise of the 
inching temperature is without material influence on the prop- 
lies of the haniened steel. 

L200. The Hardemng Increases with the R.\piditv of 
iixa WITHOUT Limit. — The following table illustrates this 



BLE 10. — Iiifliiciice of Ihc Rapiiiily of Qiu-iidiing 011 the Prof- 
rtics of Sleet of 0.21 per eeiil of Carbon. {The Author*) 



?The iteel experimented on 


s the same which is repreaenled 


in Table 9) ■ 


tlLED IN 


lbs^p«^^"n. 


ll».^riq.ir. 


itiTiaches 


UF AKEA 

per cent 


Xrine . 


174.180 
86.797 
80,103 


337,'70 
54.342 

44,2 21 


■■5 

■lit 


■.403 

57.829 
54749 



Here the tensile strength was increased about three-fold while 
Buctility. originally very great, was nearly completely destroyed 
lie most rapid of the coolings employed. 
I Further, as the rapidity of cooling increases from case to 
, so does the tensile strength increase continuously and the 
Hiity decrease but more suddenly. 

201. Like Phenomena in Allotropic Changes. — We saw 
§§ 194 and 197, pp. 21G and 219, that the phenomena of the 
-aiescence of steel, the surfusion and reheating, are closely like 
ose of both aqueous solutions and molten metals and alloys in 
^ezing. It is instructive to note both sets of phenomena are like 
lose of the allotropic changes of state in solids. Thus in case 
|f sulphur the prismatic state is the normal and stable one at tem- 
ptures between 95,6° and its melting-point, but the octahedral 

■Unptiblished data. 



state is tht' normal one below this temperature. (See Fig. 70- ) 
When octahedral sulphur is heated above 95.6° it changes 10 pris- 
matic, not instantaneously, vet tlie faster the higher the tempers- 
ture is raised, so that the faster the rate of healing is, the higHd 
will be the temperature at which occurs the crest of the cliange, *' 
we may so speak, that is to say, the most rapid part of it. Cor*- 
vcrsely, when prismatic sulphur is cooled from above 95.6° *' 
changes into the octahedral variety with a rapidity which at first 
increases as the temperature descends farther and farther belt*"*" 
95.6°, reaches a maximum rale of transformation at about 60 ■ 
and then is slackened, so that prismatic sulphur, by rapid coolir>$ 
to — 30° can be preserved without an appreciable degree of tra«^^' 
formation, and remains unchanged at that temperature inde^f*' 
nitely.* ' 

The conditions of these transformations are somewhat as fo'' 
lows. On cooling to the normal t ran sfonna lion temperature, t"^ 
substance lends to change its state; this impulse is ojjixjsed *-''' 
what may be likened to molecular inertia, static-frictional res» ^ 
ance, or. as it were, unwillingness of the atoms to shift from th»*^ 
initial molecular arrangement into that which has now beco*'* 
normal. j\s the substance cools farther and farther below the n^^^^ 
mal trans form at ion -jxjint, the impulse to change is increased. " 
tliat, as it were, the actual tendency to change, the trans formatit:^^ 
moment, is the product of the normal impulse at 95-6° to chan 
multiplied by the lever-arm of the temperature- interval, i. c. 
number of degrees that the existing temperature is below 95. 
or multiplied by some function of that lever-arm. This, at le^»- " 
will serve as a simile, without pretence to rigorous accuracy. 

On the other hand, the lower the temperature ihe greater 
the molecular rigidity, the molecular inertia, the frictional resi- — -Z 
'ance to molecular transformation. Hence the net effect, or K^ 
rapidity of change, at first increases as the temperature sinks t^^^^ 
low 95.6°, the normal transf onnat ion-point ; then, as the incre^^^ 
ing molecular rigidity offsets the increasing temperature lev^^^ ' 
arm, the rapidity ceases to increase, i. e., reaches a maximuf* 

•These assertions as to sulphur are based on Le Chalelier. Rn'^^ 
GcH. des Sciences, 1897. P- '3- where may be found a very lucid discussS*'^ 
of [he theories of the hardening of steel. Older del er mi nations gave 1^^ 
to 114° or 105° to 115° as the range in which the prismatic state of sulph*''' 
is the normal one. 
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!fien it Increases, until in case of sulphur it becomes zero at — 30°, 
and in ihe case of steel, at or above the room -temperature. 

When, however, octahedral sulphur is heated above the trans- 
formation-point 95.6° every increase of temjieraiure both increases 
the temperature lever-ami and lessens the molecular rigidity, so 
that the transformation-moment increases with the temperature 
without limit (except of course that it vanishes at the melting- 
point). 

Fig. 70 is an attempt to represent this state of affairs. 

Column I indicates the strength of the impulse to change, in- 
creasing with the lever-arm of the temperature-distance from 
95-6°: column 2 indicates the strength of the resistance corre- 



Fig. 70. The Transformations of Sulphur, 

^**^Mding to the existing temperature: and column 3 the rapidity 
^>th which the transformation actually occurs, a rapidity deter- 
'*ied by the ratio between impulse and resistance. 

These phenomena are closely reproduced in the hardening 

. '^'l recalescence of steel, (i) The faster the cooling, the lower 

"^ tlie temperature at which the recalescence occurs. (2) A suf- 

"^'ently rapid cooling suppresses this transformation almost com- 

^^^tely or at least to a very great degree. (3) Steel in which it 

the room-tem- 



ha, 



thus been suppressed remains indefinitely < 



^^^ature without undergoing this 'transformation appreciably if . 

^^ all. I. e.. the suppression is permanent. (4) The transformation 

"1 rising temperature, i. c. from pearlite to austcnite, takes place 
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at a much higher temperature than the recalescence or iransfonna- 
lion in cooling as already poinled out, the difference being usually 
from 30° to 40°, but de|)ending greatly upon the rate of cooling 
(5) Tlie conception that molecular friction or rigidity increases 
as the temperature descends is in harmony witli the fact that while 
the transformation in cooling usually occurs so far below the nor- 
mal transformation temperature that, once it has set in. its long*'^ 
temperature lever-arm causes it to be so rapid that the heat evolved 
may' raise the temperature by some 10°*, yet the reverse tranS" 
formation in rising temperature, which of course must be ac- 
companied by an equal absorption of heat, occurs so much nearer 
the normal transformation temperature that the actual refriger»*-" 
ing effect (if one may so speak of a cooling of a few degree* 
at a red heat) is relatively slight, and indeed is very often replac^*^ 
by a simple retardation of the rise of temperature.* 

202. Simile to the Struggle between TransformatxC** 
AND Resistance. — In the sudden cooling of steel or sulphur ■^w/"' 
recognize two opposing forces, the tendency of the overdue tra^*^' 
formation to accomplish itself, and opposed to it the frictional f^ 
sistance or rigidity of the cold. The former tendency increa.s^^ 
with the lever-arm of the temperature distance below the t«"*-*' 
trans formation -point ; the latter increases with the cold, and fina.' *'' 
masters the former. 

The simile which I now offer may help to fix this concept ■*— *^ 
in the mind, though I do not think that it really throws any li^*^ 
on the nature of what we have called " frictional resistance." 

I am asleep on the ground, exhausted. Someone wakes T%r%^^ 
I see fifty yards away the warm camp-fire. I am not quite wa*"^*" 
enough; I should like to go to the fire, but is it worth while? Os"* *■ 
after a struggle do I rise and move to the fire. 

Next evening some one wakes me under like conditio*^ ^ 
this time I am uncomfortably cold; I arise, though reluctantly, a-*"*' 
walk to the fire. 

The next time I am shivering with the cold, and some cr*""* 
has just thrown ice-water over me: I am cold and wet; I r*** 
to the fire. 

The next time some one half wakes me by shaking; I am b^^~ 

* O-'itnond. " Contrihution ^ I'Eiiide des Alliages," p. 376, 1901; "T^^ 
Melallografhul. IV. p. 158. 1901 : the author, Trans. Am, Inst. Mininff~ 
Engineert, XXIII. pp. 484 to 4% 1893. 
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Kd with the cold ; in my sub-consciousness I am faintly aware 
I terrible need of warmth ; if I do not go to the fire I die ; but 
1 so benumbed and stupified that I cannot rouse myself; I 
I back. 

I In each case we have the motive, the desire for needed 
mth which prompts me to arise and go to the fire; in each 
K we have the resistance of inertia, whicli in the last case is so 
ttly exaggerated by the cold as to master completely the motive 

203. Evidence Supporting this Theory. — That the pres- 
ion of the austenite is the cause of hardening is shown in a 
of ways, for instance by the data in §§ 199 and 200, and 
by other experiments of the author which will now be out- 
If steel of 1. 10 per cent of carbon is heated carefully to 
and then suddenly cooled in water, it does not become 
dened. If. on the other hand, the steel is heated to a tempera- 
considerably higher, say 880°, then cooled to 700° slowly, and 
quenched in water from 700°, it is hardened. The explana- 
l is very simple: in the former case the transformation from 
Ste and cementite to austenite has not yet occurred: the steel 
be moment of quenching is still ferrite plus cementite. In the 
tr case, although the quenching temperature is the same as in 
former, and is in all probability several degrees below the nor- 
■ transformation temperature, yet. because of lag. the trans- 
nation [reaction (9)] has not yet taken place, i.e., the aus- 
te has not been transformed into ferrite and cementite, but 
resent to be preserved by sudden cooling, which thus hardens 
steel. And in general the author found that the steel was 
Sened if it was quenched before the recalescence occurred, no 
(er from what temperature it was quenched. On the other hand 
ns not hardened if quenched even from higher temperatures. 
Hided the reverse change from pearlite into austenite had not 
^ place,* so that the metal was not in the condition of aus- 

' It is only by thus preserving our austenite by sudden cooling, 
twe are able to examine it in the cold. And this preservation 

*Trans. Am. Insl. of Mi'i. Eug., XXIII. iSgj. pp. 49S to S»- 
t Osmond had previously obtained strong indications that the loss of 
urdening power coincided wilh the recalescence ("Transformations 
per el du Carbone." pp. 38 and 87, 1888). 



230 



Iron, Steel, and other Alloys 



^ 



is never complete. In spite of the suddenness of the cooling tl^f t 
austenite so far transforms towards the condition of ferrite a.r»* 
cementite as to reach at least the decomposition -stage called ma.*'" 
tensite. Instead of remaining pure unmagnetizable austenite. , 
enough magnetizable ferrite and cementite arise to make the m3^s 
as a whole highly and permanently magnetizable. i 

To sum up : the hardening of steel is due to the preservation | 
of the austenite condition by cooling the metal so suddenly tli^t 
we deny the time necessary for the change from austenite into 
pearlite, etc. We say that, once the metal has been com])letel> 
cooled, this change can no longer occur, because the molecules are 
locked in the unstable condition of austenite by the rigidity whic^i 
this low temperature causes. 

204. The Tempering of H.\hdened Steel by slightly re- 
heating it say to between 220° and 320° (temperatures which we 
recognize by the pale yellow and dark blue coatings of oxide which 
form on the surface of the metal, Fig. 68). appears to act !>>' 
slightly lessening this molecular rigidity, giving such freedom o' 
molecular change that a little of the inistable austenite retaiTieu 
by the sudden cooling may follow its natural impulse to change 
into pearlite, etc.; i. c, to follow the course which it would ha^'^ 
taken on cooling, through the transformation range ( region • 
or VIII). had its passage been sufficiently slow to permit these 
changes to occur. 

The higher this reheating is carried the more does it rcl*" 
this molecular rigidity, this frictional resistance to the chaog* 
from the existing abnormal condition of austenite to the nonTi** 
condition of ferrite and cementite. Hence it is that, while reheati'^S 
even to 66° effects a verj- slight temjwring, reheating to say 23*^ 
(at which temperature the iron oxide which forms on any bright' 
ened face of the metal is of a straw color), effects a much grea*^*^ 
tempering, so that the meta! thus tempered is far less brittle 11^*5" 
it was when initially hardened by sudden cooling. Hence, too. 
is that reheating to say 300° (at which temperature the oxide O" 
any brightened face assumes a permanent blue color ) . effects a st'" 
greater tempering, so that the hardness and brittleness resultif^ 
from the initial sudden cooling are removed to a much greats'' 
extent still. 

Steel tempered at 230" is suited for use in the form of insirU' 
ments like razors, lancets, etc., for these require great hardness* 



It they may cut sharply ; while a marked degree of brittleness 
|e tolerated in them, because they are not ex|30sed to shock. 
he other hand, if a rock drill or a cold chisel was tempered 
ut 230°. it would be too brittle to endure the violent shocks 
bich these tools are exposed. Therefore we have to temper 
,1 farther, by reheating them to say 300", so as farther to re- 
! their brittleness. In doing so we indeed lessen their hard- 
(md cutting power ; but this is the l^ss of two evils. We have 
Kliire this loss of hardness, which while regrettable is toier- 
lin order to reduce the brittleness to a degree wiiich can be 
ked. 

I05. The Annealing of Hardened Steel, by heating it to 
f" red heat and cooling it thence slowly. Allows the change 
.austenite to pearlite, etc., to perfect itself. 
Moreover, since the red-hot metal is no longer rigid but very 
fc. mere reheating to redness relieves the stress (§ 209, 
fi). which had been induced by the differences in the rates at 
it different layers had cooled in hardening the steel, thanks 
S suddenness of that cooling. The now red-hot plastic metal 
I under stress, which thus effaces itself. The slow cooling 
"this reheating, and the greater evenness of the contraction 
htduced among the different layers, simply prevents the in- 
tction of new stresses. Beyond this, if the temperature 
te annealing is raised above A^ the recombination of the 
i of ferrite and cementite of the pearlite to reconstitute 
bite, and the molecular migration which accompanies this, 
^e as are the distances traversed, appear to break up any 
eness of structure and to remove the brittleness to which 
poarseness leads. 

io6. A Simile to Explain Tempering and Annealing. — 
JK12 we considered a simile the object of which was to give 
Irer mental picture of the struggle between the tendencv of 
luddenly cooled steel to transform itself from the state of 
jbite into that of ferrite and cementite, and what we called 
ctional resistance offered by the cold ; or in other words a 
J picture of the condition which exists both during the sud- 
»ling of steel, and in the suddenly cooled or hardened steel. 
Vixh these same general ideas of tendency to transform and 
picttonal resistance to transformation before us. let us con- 
■other simile, offered with the purpose of explaining the 
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phenomena of tempering as distinguished from those of haf^' 
ening. To recapitulate, in hardened steel the molecules are locked 
in the condition of austenite which is abnormal below the trans- 
formation range, and they are prevented from following thd^ 
natural tendency to change back into ferrite and cementite ^J 
frictional resistance. 

This condition of affairs we may liken to that of a bent bo^v, 
held bent by friction. Let us suppose that the friction is appli^^ 







Fig. 71, 




Fig. 72. 

Figs. 71 and 72. A Similie to Explain the Phenomena of Tempering 

Hardened Steel. 



to an arrow which holds the bow bent, as shown in Fig. 71. Th 
analog}^ would indeed be closer if we supposed that the frictiof^ 
was applied to the bow directly, instead of by means of the arrow 9 
this, however, would be harder to illustrate to the eye. 

The ends of the bow are prolonged as at A and B, and thes^ 
prolongations are supported by the rolling cylinders C and D, on 
which the bow is free to slide. The arrow is held by the friction- 
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■«tch £. If the bow was wholly free, it would straighten itself 
so as to reach the shape shown in Fig. 72 ; this is its straightening 
tendency; this tendency is resisted by the friction offered by E. 

Now in our suddenly cooled steel the tendency to change 
from austenite into ferrite and cementite may be likened to tliis 
straightening tendency of the bow; and the molecular resistance 
which prevents this change may be likened to the friction offered 
l>>' the friction -clutch E. 

If, by giving the set-screw F a slight turn, we slightly les- 
sen the friction of £, the bow begins to straighten itself, and the 
2T«w slips a little way through E. But in doing this, the tension 
on tile bow itself, its tendency to straighten, weakens. Following 
*I<:>oke's law, "tit tensto sic vis," the more fully the bow straightens 
Itself, the less is the residual tendency towards further straighten- 
'"g"; and so this tendency very soon falls to a point at which it is 
^S"ain balanced by the residual friction of E, and the bow ceases to 
straighten. Relax £ a little more, and the bow again begins to 
^''"aighten itself, and again this straightening ceases as soon as 
tKt5 tension remaining in the bow becomes so small that it is 
^STain equalled and mastered by the iiresent friction of E. 

We have much the same condition of affairs in our hardened 

^'^^^l. Reheat it to say 66', and we thereby very slightly relax the 

^^sistance which the low temperature offers to the change of 

^^stenite into ferrite and cementite (reaction (9)), and because 

"*s resistance is lessened, this reaction immediately begins to set in. 

"•-"t as it progresses, and the quantity of austenite remaining grows 

^Ss, so the tendency of that austenite to change back to ferrite and 

*^^^Tientite decreases. The Jess austenite there is. the less is the 

^•^dency of that austenite to change into ferrite and cementite, 

"^^ more easily is it held in check by the frictional resistance of 

"^ low temperature. If we reheat it beyond 66", say to 200°, 

^'^ relax farther the frictional resistance of the low temperature. 

^'"•(1 more of the austenite changes into ferrite and cementite; but 

"^^s change is again arrested as soon as the quantity of auslentite 

'"^'naining is so small that the tendency which it exerts to change 

''^»^her into ferrite and cementite is again just balanced by the 

"''rninished frictional resistance represented bv the temperature 

Reheat it farther to 600°, and the frictional resistance to fur- 

'ner change becomes so slight as to be insignificant; apparently 
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the whole of the remaining austenite changes into ferrite a"^" 
cemeiitite; reaction (9), which ought lo have occnrred on cooli>^fi 
past the critical range but was there prevenleci because insufficient 
time was given to effect it, now completes itself, and the harden^* 
steel reaches the condition which it would have reachetl had "** 
cooling been slow instead of sudden ; the steel is annealed. 

207. Whv the Rate of Cooling after Tempering is I**' 
MATERIAL. — When we wish to harden a piece of steel, the cooli**? 
from above the critical range must needs be rapid, to restrain zt^ 
tendency which arises as soon as the leiiiperatiire falls below .^ ■"!• 
to change from austenite to ferrite and cementite: hardening c<^»*'' 
sists then in prevenling or greatly restricting this change. &■ *" 
when we reheat a hardened piece say to 200°. and thereby all<^^ 
this same suppressed change to take place to as great a degi"* 
as corresponds to the diminished frictional resistance of 200', tli^ ' 
is no motive, save that of convenience, for cooling suddenly. -^ 
200° the change takes place with extreme rapidity to the deg"*"^* 
which this temperature permits : hold the steel at 200° for 
hour, and the change will not go materially farther than in t*** 
first few seconds. As soon as we begin to cixil it again, as s< 
as the temperature begins lo fall below 200°, the frictional 
sistance begins increasing, and now certainly no farther chai'*^^ 
can lake place. If the friction at 200° sufficed to arrest fartl^'*'' 
change, surely the greater resistance at 199° will not permit ^fc*^^ 
farther change. So no change will take place during this cooli»'**' 
whether it is fast or slow; and hence it is immaterial whether t*" 
cooling is sudden or gradual. 

Somewhat the same is true of the cooling after anneali*'* ^ 
provided always that the temperature reached in annealing d 
not rise into the transformation range {regions V and \'IZ ^^ ' 
because at least part of the ferrite and cementile, the condit * ^^^ 
which the metal would assume during the rise of temperature fr-*'^^ ^ 
the cold to say 500° or 600", would again change back ii ^^ 
austenite if the temperature rose into the transformation raf^ ^^ 
above Ac,. If the reheating does not reach the transformat » "^^^^^"^ 
range, then the rate of cooling is relatively unimportant, save t*"*'* 
rapid cooling from a temperature so high as 600° is likely to * ' 
duce severe internal stress, because the cooling of the inter"**^^^^ 
would lag behind that of the oiuside by so many degrees of tC*^' 
perature that the contraction consequent upon that coolii^ vot^- 1 
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be inarkeflly irregular in the different layers of the piece, a eon- 
ilion naturally resulting in internal stress. 

The following diagram, Fig. y^, illustrates this principle, that 
""lie the rate of cooling from above (or indeed from within) 
'f'e transformation range to the cold is of the greatest moment, 
"'^ rate of cooling from any temperature below that range is rel- 
atively unimportant. 
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^^K Note.— In each case the steel is supposed lo have been hardened before 

^^~^rgDing ihe thermal tieaimeni here indicated. Solid lines represent sudden 

^•^llBnges of tempetatute, broken linea alow changes. The words below Ihe aev- 

^^* Sto* heads indicate the final state of the melal after undergoing the tern- 

P^'Wure changes represented hy the lines leading lo the arrow head. 
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"he Rate of Cooling from below the Trans formatioi 
Immaterial, from above that Uange is Decisive. 







3o8. Verification of the Loss of the Hardening Power 
' The Recalescence. — The recalescence, and the recovery of 
' iiagnetic properties which accompanies it, as the iron changes 
1 the allotropic, non-magnetic condition to the magnetic con- 
1 normal at the room -temperature, may be detected by means 
J very simple exfierinient. To a wire '/lo '"^'i '" diameter, 
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of high-carbon steel, preferably leolic steel (0.90 per cent carbon' 
attach a fine wire of platinum or of manganese sleel as a suppor 
Neither copper nor common iron wire is suitable for a suppor '■ 
the former because it conducts the heat away so quickly, the lait t^ — ' 
because it is itself magnetic. 

Heat the steel wire to a yellow heat in a Bunsen burner, an- -»<■ 
hold it near a magnetic needle ^vhich has no protecting glass cas^^^. 
At first the wire will not attract the needle, but as it cools dow" n 
it suddenly becomes magnetic, and at the same time brightens pei —x- 
ceptibly, 1. 1'., recalesces. This can best be seen in a dark ro wir- 1, 
but a practiced eye can detect it even in a light room. 

By quenching a series of wires just above, during, and ju^^t 
after the recalescence, and then determining their ductility by ir^p-^ 
ing to bend them, and their hardness by filing them, the studerrmt 
readily finds that the recovery of the magnetic properties on pas^*- 
ing through the recalescence is accompanied by the loss of (!"■* 
hardening power; but that these transformations are spread o»-*i 
over a considerable range of temperature, so that the wire ilo^* 
not lose the last traces of its hardening power until it is cooled 
many degrees below the recalescence, 1. c, until perhaps fifteen 
seconds after it has begim tn recover its magnetic properties,* 

209. Stress in Hardened Steel. — Austenite itself is *" 
extremely hard and a brittle substance : but the brittleness of hafo' 
ened steel is doubtless due in some part to the residual stress wli»** 
the sudden cooling induces. This stress is in turn due in lafS' 
part to the fact that the cooling of the interior of a suddO^^- 
cooled object lags behind that of the exterior, so that during ***^ 
latter part of the cooling, when the outer part is already cold 3-** 
rigid, the interior has still to cool through a considerable ra"'*^ 
of temperature. Such residual cooling should cause correspond i*'" 
contraction; but the effort of the interior to accomplish this it*' 
traction is resisted by the now rigid exterior, with which the ' 
terior is integrally united. Hence the exterior is left in a st** 
of compressive, and the interior in a state of tensile stress, a st^ 



of affairs readily detected by sawing open a suddenly cooled pi' 
of steel, say of 0.20 per cent of carbon. Before such a piece " 
sawn open the stresses are generally nearly symmetrical, so tU^ 
they balance one another and do not greatly deform the piece ^^ 
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fchole. If, however, we saw the piece o]x;ii we destroy this 
. and certain of the stresses, no longer counterbalanced, 
fcort the object farther. 

The stress in hardened steel is probably much intensified in 
ither wa\- which 1 will now explain. Even in sudden cooling, 

xisiderable amount of transfomiation from austenile into fer- 
( and cementite evidently does occur, especially in the interior 
■lie piece, which must cool much more slowly than its very skin. 
• whatever degree this transfomiaiion takes place, to that de- 

i is the cooling and the consequent contraction of the layer 
»hich transformation is occurring retarded. As the cooling of 
' interior must always lag behind that of the exterior, so it will 
I)en that this retardation of the contraction of the interior must 

r later than the corresponding though slighter retardation of 

exterior. In other words, after the contraction of the ex- 
Dr has undergone its slight retardation and is again proceeding 
Mil speed, the contraction of the interior tmdergoes its greater 
[rdation, thus tending to crack the exterior by resisting its 

tncy to contract. 
.210, Simile to Explain Internal Stress. — Let an ilius- 
bn make clear this conception of the state of stress ^vhich ex- 
l»ctween the several layers of a suddenly cooled piece of steel 
tiber substance. Suppose that through some disease both of my 
is have swollen to double their natural size, though they retain 
Itantially their normal shape. Suppose that while they are in 
condition I put upon my right hand an iron glove which exactly 

it in its now swollen state, and that the hand and glove are firm- 
bed together by some efficient cement. Suppose that mj- health 

w restored and that my left hand contracts back to its normal 
Evidently, my right hand at the same time will endeavor 
EMitract in the same way to its normal size, but it will be pre- 
i by the cement whicfi glues it firmly to the incompressible 
'glove. My hand will now be in a state of tension, endeavor- 
) reach its normal size, and through this endeavor it throws 
(g-love into compressive stress. Here then we have a perma- 
i state of stress between hand and glove. Wc have much ihe 

e condition of things between the different layers of a piece 

ttddenly cooled steel. 

211. Stress mav Weaken oh Strengthen. — Let us now 

ider another case, that of a guitar, the strings of which have 
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Ijccn lightened up in tlie usual way. In such a guitar the string 
are cviOently in a slate of tensile stress endeavoring to contrac 
and their endeavor is resisted by the rigidity of the body of xi 
giitlar: hence this body is in compressive stress. The arrow 
in Fig. 74 indicate the direction of the stress in the strings an 
the body respectively. Many of us have learned by expcrieni 
that, if we leave a luned guitar over night at the sea-shore will 
out taking the precaution of slackening the strings, in the mornin 
we ma_\' find these strings snappc 




1 


This means ihal the damp air k 
dampened the strings and so increase 
their desire or tendency to contrac 
and that this is resisted firmly by tl 
body of the guitar. This endeavr 
to contract has resulted in lensi: 
stress which has increased to such 
degree that it has snapped the String 
in two. Quite in the same way w 
often find that if we harden a piec 
of steel too violently, ie., if we co^ 
it in water too suddenly, we imiui 
stress so violent as to crack the s\a 
of the piece quite as the exccssii 
stress breaks the strings of the gn 
lar. 

Suppose now that while our gn 
tar is in this state of stress indicatt 


^ 


Fig. 74. 'Ibe Influence of 

ntemal Stress upon Siteiigl 

i.t.,the Power to Resial 

Kxleriial SlrtM. 

t were not under tensi 
I my muscular strength 
an lift just looo pounc 
oad of soo pounds on m 
o lift only an additional 
I. If half of my strengl 
an my shoulders, only th 
or lifting any additions 


in Fig. 74, we hang it by means of tt 

point A, and attach to one of tl 

• strings at B a weight, W, which 

just the weight that the string woii 

be able to sustain without breaking 

e stress. The string will break, 'dear: 

is such that when I am unencumbered 

s and no more, then if somebody places 

y shoulders I shall have strength suffidei 

500 pounds. I camiot eat my cake and kee 

h is temporarily in use in sustaining a loa 

e remaining half of my strength is availab 

1 weight. Exactly in the same way, ina 
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mucli as the string of the guitar is under initial tensile stress, its 
power to resist an external load is correspondingly diminished. 

Suppose next, that we hang a weight, IV, to the body of the 
guitar at the point C. As this body was initially under compres- 
sive stress, so it is cap.ible of upholding a greater weight at K' 
than if it was not under this compressive stress. 

Now looking at the guitar as a whole and considering its 
strength, i. e., its power to resist loads applied to it from without, 
we see that the degree to which the existence of the internal stress 
affects this power to endure external loads depends upon how 
diose loads are applied. If an external tensile stress is applied 
•o the part of the guitar which is already under tensile stress, then 
'he initial stress weakens the guitar. If, on the other hand, the 
'^tisile stress is applied to tlie body of the guitar which is initially 
uncJer internal compressive stress, then that initial stress in effect 
^•^^engthens the guitar. Thus wc see that it may occur that in- 
'^fTial stress may actually strengthen a piece taken as a whole, as 
'^^gards its power to resist external stress applied in certain specific 
'^■^ll-de fined ways. 

If now we load the tuned guitar as it were uniformly, i. e., 
"•aking the load W just that which the body of the guitar would 
"? able to sustain if free from initial stress, and ((' just that which 
'^<^ string would be able to sustain if also free from initial stress, 
"^Cn the fact that the string is initially under tensile stress will 
'^'-ise that string to break; this will throw the whole load, 
-\- W , upon the body of the guitar, and will thus break it in 

The useful strength of a steel object may be defined as the 

f^Wer of resisting external stress. When a steel object is to be 

iis^^ for a great variety of conditions not accurately defined before- 

^*id, it is in general better that it should be well adapted to re- 

sist well every variety of probable systems of external stress rather 

'han ihat it should have great power to resist a particular set of 

external stresses applied in some particular way. and very little 

C^Wer to resist another probable system of external stresses ap- 

1"'^1 in some other probable way. In short for indiscriminate use 

"'^at may colloquially be called " good all around strength " is 

'"^at is needed. On this account the presence of internal stress 

I "a sleet object, while useful for certain cases, such as that of 

k PJti-jackets, in which the direction of the chief external stresses 
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lo be endured in use is well understood, initial internal stress ma 
be very valuable and may greatly strengthen the object for its qb 
and only use ; yet the existence of internal stress is in general uii 
desirable in case of objects which in use are lo be subjected t 
widely varying and indeterminate systems of important externa 
stresses. 

It was formerly' thought that the hardening of steel was du 
to stress induced through sudden cooling: but while stress n 
doubt does exist and does contribute to brittleness in a maierii 
degree, yet it is perfectly clear that it is not the true cause of th 
hardening of steel. Two of the many reasons are quite sufficien 
to show this. 

In the first place, if the hardening were due to stress the: 
it should increase regularl>' with the temperature from which th 
sudden cooling occurs, or in short, with the quenching lemperaturt 
But in point of fact, far from this being the case, no true harden 
ing takes place unless the quenching temperature is as high as th 
transformation range. And moreover, once this range is past, fui 
ther elevation of the quenching temperature does not furtbe 
increase the hardening. In other words, the hardening power ■ 
acquired on passing the critical range. In the case of solic stce 
that is to say steel of 0.90 per cent carbon, in which the criticJ 
range is extremely narrow, the whole of the hardening power 
acquired in rising through this ven.- narrow range of temperature 

The second reason is that if hardening were due to striS 
then the other metals in general ought to be hardened by sudd* 
cooling. But this is not the case. Manganese steel is made vel 
ductile by sudden cooling, instead of being made brittle as carl>' 
steel is. The fact that the hardening power is a special proper 
which belongs chiefly to the iron-carbon compounds, and indeed 
shared probably by very few other substances of any kind wl^ 
soever, is in itself sufficient proof that the hardening is not ' 
result of stress, Indeed, looking back now, it is astonishing ''■ 
this stress explanation of hardening should have been put fff* 
by such eminent writers for so long a period. 
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^^S^e Heat-treatment of Steel, Processes Operating Chiefly 
^B Through Control of the Structure 

212. Importance to the En<;ineer. — This subject of the 
structure of steel, its relation to the properties of the metal and 
to the thermal and mechanical treatment which it has under- 
gone, is probably of much more direct practical importance to 
•^^ young engineer than any other subject considered in this 
^^ork. Its importance may be made clearer by means of an 

riple. May its patness atone for its homeliness. 
You cannot make a bad beefsteak good by the cooking; 
can cook it better or worse, and it will be a worse or a less 
^<1 beefsteak, but always bad. On the other iiand you can 
easily spoil a good beefsteak by bad c(K>king. Now, Just as cook- 
_|ig is to food so is heat-treatment to steel. Indeed, a pedantic 
•ok might reasonably call cooking heat-treatment. Bad steel, 
*1 of bad chemical composition, cannot be made good by heat- 
Stinent; we can give it different degrees of badness, but we 
'J'not cure that badness. On the other hand we can easily make 
1 steel bad. 

In one case as in the other the excellence or the defects of the 
"■^tment can in large part be recognized by simple e?cternal 
symptoms. 

The cooking, its effects, and its symptoms are of immediate 

"nportance to the housewife, because they are under her control 

'"rougli her employees. In exactly the same way and for pretty 

"iiich the same reasons heat-treatment, and its symptoms, the 

tjtiicture of the metal, are of great importance to the practicing 

pineer, not only because it influences the properties of his metal 

^ greatly, but especially because the heai-ireatment itself is 

*'tti given by his own employees, his smiths and his other work- 

; and moreover because the symptoms of that heat -treatment 

^ Open lo those employees, and, best of all, to himself. 

Here llie simile ceases to hold good, because whereas a burnt 
^tsleak cannot be made good, an overheated piece of steel can 
' •'estored nearly to its best condition. 

Thus, the structure of steel, whether as revealed by the mi- 
'^'"Oscope or in the fracture of the metal, is an index, not only 
'** 'he properties qf the metal but to a certain extent also to the 
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treatment, especially the heat-treatment which it has undergoim^ 
and of the further heat-treatment which is necessary to cure an 
injury which has already been caused. 

213. HEAT-ftEFiNiNG DEFINED. — This is a process for cui 
ing by thermal treatment the injury which is done to steel hi 
overheating, «. e., by allowing it to cool undisturbed from a- 
unduly high temperature. This injury is accompanied by a ms 
terial coarsening of the structure, and indeed this coarsening - 
probably the immediate cause of the injury. To facilitate tb 
discussion I shall provisionally assume this causal relation. 

Before studying this curative process itself, we must, ho\^. 
ever, familiarize ourselves with the disease which it aims to cur* 
and with the symptoms of that disease. This we will do in tli 
following sections. 

Five important matters require our attention. These ar 
as follows: 

( 1 ) The structure may be learned either by microscopic ex 
amination, usually of polished and etched sections, or by an ejc 
amination of the fracture, usually with the naked eye. 

(2) Each variety of iron or steel has its own normal tj-pe o 
types of fracture to which it naturally inclines; a type (usually 
the finest of alH, corresponding to the best condition of the metal 
another (usually the coarsest"^, corresponding to the worst con 
dition, etc. 

(t^) Yet the structure of each variety of iron and steel varie 
very greatly with the heat-treatment which it has undergone. 

(4) In particular, the structure of steel, especially of high 
carbon steel, is made coarse by overheating, and this coarsening 
of structure is accompanied by a great injur}- to the quality 
ihe metal. 

1^5) Tlio coarsotioss and the accompanying injur}* can b 
roinovoil by a pnvoss of hcat-ireamient called '' heat-refining/ 
or by lucohanioal tnoatis whicli for brevity we may call " mechan 
ioal rotininc or " hamnuT-retiniuiT. "' 

J14. Tuv SrKivriKi: of Irox and Steel. — The micro 
stnicn;ro vm' tlio ir.ctals in i^cneral as determined bv examinins 
|x^!islu\; a!ul o:ohc\; or b.cat-nntcvi specimens under the micro 
>c 'iH\ c*^c> r^^re vlir^v: aTv! tar more v'.etailed information as t« 
thoir s:rr.o:v.rc t:ia'i'» wo oar. hojv tv^ tir.vi ::i :he fracture itself: an< 
r.v^ vlvv,:!^: wo are apprv\ic!iitii: rapKily the day when microscopi 
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exaininaiion will in very many cases give a trustworthy diagnosis. 
At present, although the microscope has given invaluable infonna- 
tion which has been essential in developing our present knowl- 
s'ige of the metallography of iron and steel, yet its indications 
sre as yet so hard to interpret, thanks partly to the fragmentary 
nature of the evidence, to the very richness and complexity of 
the indications in each microsection, to the newness of this method 
of examination, and to the present very imperfect correllation of 
our data, that to-day the fracture probably gives, in many cases, 
indications more trustworthy than those of the microscope. 



I 




I When a piece of metal is broken, rupture follows the surfaces 
^ca3t resistance under the existing conditions; and these sur- 
**cos are what we see in the fracture. 

Certain classes of iron incline readily to yield certain types 
'?,' fracture; other classes to yield other types. Thus a very 
"'*rous fracture, while readily induced in very ductile specimens 
^'^ ^vrought iron, is harder to induce in the less ductile specimens, 
*''<1 cannot be induced at all either in cast iron or in nonnal 
'''Sh-carbon steel. A very fine, porcelanic fracture can readily be 
"'•iuced in high-carbon tool steel, but cannot be induced readily 
'^ at all in low-carbon steel or in cast iron. 
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Before going on to consider the structure nf the meia! fu^' ■'' 
thcr, the reader must be cautioned as to the very different kin'^* V 
of fracture which may be given to one and the same piece >-^'_ H 
metal by lireaking it under different conditions. Thus a bar "^^ ■ 
wrought iron nicked on one side only, and broken by bending I 
it away from the nick by a succession of light blows, natural*!:' I 
yielfls a fibrous fracture, of which an extreme case is shown *" I 
F'E' 75 • hut, if nicked on all four sides and broken with a sin^*' I 
sharp blow, it yields a bright crystalline fracture. This differenc*- 1 
however, is due to the fact that the surfaces of least resistan*^ I 
vary with the conditions under which rupture occurs. It warW»* ] 
us that tricks may be played in rupture to yield a desired fractur"^'] 
and tliat we should be cautious in drawing inferences from tt"** 
appearance of fractures, especially of those made in our absence. 

Finally, and this is the important point to which attention ^^* 
particularly called, for a given s]iecimen of steel and for give^' ^ 
conditions of rupture, the fracture varies very greatly with tl^^ 
thermal and mechanical treatment which the metal has undei<^ 
gone ; and as the fracture varies so do the mechanical properties t^^* 
the metal. Thus, if we know how a test or specimen liar ha— ■^ 
been broken, either from seeing it broken ourselves or fmi^— | 
trustworthy report, the fracture may give ver\- valuable informa -^ 
tion as to the condition of the metal and the thermal and mc-"^ 
chanical treatment which have caused both that condition and'tliaf -• 
particular form of fracture. What the relations are between tli^^ 
fracture, properties, and treatment will shortly be explained. J 

215. A Co.\RSE Fk-^ctire Suggests a Co.vrse Structure — ^ 
— As the surfaces of least resistance which we see in the fracturc^^ 
are in general eitlier crystal faces or cleavages, and as coarse^ 
cleavages are naturally associated with coarseness of the crys- — 1 
tallization proper, so our natural working hypothesis is that a -^ 
coarse fracture is simply a symptom of coarse crj-staUization : and ^ 
that where the fracture is coarse, there we may expect to find the 
CH'stallization coarse. The converse we may also expect, though 
not so confidently : for fineness of fracture might readily be due to 
fineness, not of the inie crystal size, but of the cleavage, I-^rge 
coarse crystals might have very poorly defined cleavage, so that 
when rupture traverses them, instead of traveling long distances 
along a given cleavage surface, and so revealing large faces in 
the fracture, t. e., yielding a coane fracture, it might travel otdf 
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a very short distance along a given cleavage plane before leap- 
ing across to anotlier, and it might thus reveal in the fracture only 
minute portions of a great mimber of different cleavage planes. 
1. c, a very fine fracture. But as far as our studies of iron 
and steel have gone, coarseness and fineness of fracture and of 
crystalline structure seem in general to go hand in hand; and in 
what follows, the teachings of fracture have to be supplemented 
in some cases by those of micro structure. 

In short, when we speak of the coarseness of the grain of 
steel as shown in the fracture, we refer naturally to the size 
of the facets which we there see. And their size is probably 
in turn proportional to the coarseness of the crj'stals themselves, 
or to the coarseness of the network between the crystals of which 
'he metal is made up. 

To simplify the discussion we will hereafter refer jointly to 

foe degree of coarseness of the fracture and the degree of 

■^"at-seness of the microstructure as determined in polished sec- 

''oi^s under the microscope, as the " grain-size," assuming 

'""'^■^'isionally that the coarseness of structure in one of these 

"^r^ects is proportional to the coarseness in the other respect. 

_ ^ will further assume, provisionally, that the condition of any 

^'^^^^n variety of steel is the better the finer is the structure. It 

'* •: ^lis assumption that gives interest to the whole discussion, 

^nrl indeed makes it of great importance to the practicing engineer. 

^^ shall see later that this assumption, while true in a general 

« yet must be modified somewhat to meet varying conditions, 

instance, while the general merit of the steel for miscellaneous 

may well be the greater the finer is the grain-size, yet for 

^^^ ^ain special conditions of use the finalities which accompany 

^ ~\-ery finest grain attainable may be less desirable than those 

^'^'■'^^^^^mpanying a slightly coarser grain. 

216. General Laws Concerning Fractltre and Tempera-. 

''^'^'^* ^fc. — Certain laws will now be formulated, representing some 

, ^==^ur present information on this general subject. Let it be 

"'*_*^ i ncily understood that these are simply early attempts to 

*~* *■ together into condensed form the results of our observations, 

iUia-t none of these laws is likely to prove rigorously true, and that 

^t of them may have to be greatly modified later. Nevertheless 

• ihonght that they will be of use as a temporary expedient, that 

their aid our present fragmentary knowledge may be not only 




246 



Iron, Steet, and other Alloys 



more easily used, but also more easily extended, and that ot-^*^ 
errors may be corrected. 

Laws Affecting Region IV of Fig. 68, ihe Structure c=^/ 
Austcnitc. — For given kind of sleet it appears that for eac^^*^ 
temperature of region IV there is a normal size or diameter c 
grain (see end of § 216), and that the grain-size increases with 
temperature. (Fig. 76a.) Let 

rc^^the normal grain -diameter for given temperature ^ "^^ 
of region IV, for given steel. 

The grain which actually exists at a given temperature \^^^^ 
this region may or may not be of the size D", Let us call th-"— * 
existing size of the grain of the aiistenite then D* to distinguish i-JSa 
from D", or 

Z)» =; the existing grain-diameter of a given specimen wlie^^?^^ 
at a given temperature in region IV. 

It appears that the normal size of grain increases with lii « 

temperature throughout region IV: this may be expressed by th < 

following law : 

[I], /?":£>"' ^ 7": r'. 

Whether the normal grain-diameter is strictly proportion^^gtJ 
to the temperature as law [i] indicates, or whether it is propo -^r— 
tional to some function of the temperature, remains to be set-wn. 
The line JDG in Fig. 76 is an attempt to represent this law. Prc:»f- 
Sauveur and the author obtained for a certain specimen of 
steel* the expression T""*" — 680 -(- 281,250(1 in which T"^*** 
equals the temperature reached, and tp equals the actual area *** 
the grain in square millimeters under a magnification of ^S*-' 
diameters. This goes to show that the normal grain-size is stri^^ ' 
proportional to Ihe temperature. It is in accordance with this tt** 
the lower part of this hne has been drawn straight. 



tt»« 



curve by which Tschemoff represented the relation between 






grain-size and the temperature differed from the line JDG as t>^ 
drawn, in curving to the right tlirough its whole length, fi"*^^''^ 
/ upwards. As his results covered a higher range of temperat*^ 
than ours a simple explanation is that, whereas (he noniial gr3* , 
size at relatively low temperatures or until the boundary Ai^ 

•The composition of the steel was; carbon, 1,10 per cent; siltc^^' 
0.02 per cent ; and manganese, 0.41 per cent Eng. and Milt. Jour., L?** 
p. 53?. Dec. 7. 1895. 
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n II is reached, is closely proportional to the temperature, 
t higher temperatures it may increase more rapidly than the 
?rature. With this in view, I have curved the upper part 
is line. 

A^e may, however, for simplicity, retain the form of law 
Jready given, although it strictly implies that the line JDG 
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;. 76. Law [i], The Normal Grain-size of .tolic Steel in Region IV. 

First Approximation. 



aight throughout. The slij;i:ht inconsistency implied need 
rouble us, if we rcnieniber that both the line ]DG and the 
ila of law [ I ] are given as first approximations only ; and 
a formula prepared to fit the Hne as drawn might well de- 
in implying for our knowledge a far greater degree of 
acv than it has. 



248 Iron, Steel, and other Alloys 

Second Laze of Grain-size. — At any given temperature ^ 
region I\', if the existing grain is smaller than that normal *^ 
the temperature, then the grains grow until they reach the non^^ 
size; or 

[2 1 if D^ < D", D* grows to Z>°. 

This growth is by no means instantaneous, but may occtt^^ 
many hours. It is probable that the growth is at first ver}- rapi^' 
and lx»comes slower and slower as the existing size approaches t 
normal size. 

Third Lazi* of Grain -size. — If the existing grain is larg 
than that normal for the existing temperature in r^on I\', it 
not shrink back towards the normal size, or 

[3] if Z)*> Z)". D^ does not shrink towards Z>°. 

An example may illustrate this. If in Fig. 76 we h 
a piece of steel to say temperature C, and if we assimie that tt^ 
grain at the moment of reaching that temperature is of the si^' 
represented by H, then if the temperature remains at C &m^ 
grain will progressively grow until it reaches the g^ain-size D, cok^ 
responding to C If now. having reached this size, the st 
is cooled to temperature £, the grain will remain of the size 
and therefore be far to the right of K, which represents the norms^l 
size for the temperature E. 

fourth Lazi' of Grain-sicc. — If, now, we let 

l^niax _ tii^ highest temperature reached in the last sojoui:""n 
in region IV, 

and if we assume that the changes of temperature have 
very slow, so that the grain has had opportunity to grow a- 
proximately to the size normal to T"^a-^, then it follows from la 
[i], [2] and [3] that the existing size of grain should be p 
portional to T"^^^ : hence law [4], 

[4] i)a . /)a' _ Jmax . Jmax', 

This represents in a general way the law governing *- , 
size of the i^rains which wc find in hardened, 1. r., suddenlv coc^*^ -^ 
steel, which we may take to represent the size which the gf^^ ^ 
of austenite reached at the highest temperature touched 
region IV. ^^ 

As far as our present purpose is concerned it would h^^^ 




sufficed to define T"'*''^ as the highest temperature reached, wi- ^ 
out adding "in the last sojourn in region IV"; but we sh^ 
shortlv see whv this restrictive clause is added. 
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Lazi-s Affecting Region S'l and probably the lett-haml pan 
of region iX. Regarding this region from (he point of view of its 
consisting of pearlite togetlier with an excess of either ferrite or 
cementiie over the pearlite ratio, we may let 
i^" =:; the diameter of the grains of this region, or the pearlite 
'iiaineter. 

When steel cools from region IV into region \l it appears 
'hat ihe size of the grain which arises in region VI is at least 
roughlv proportional to ihe grain which has existed in region IV, 
'>'■ law [5I. 

[5] DP-.DP'^D^-.D^'. 

Indeed there is reason to think that the grain-size existing 
'" region IV is the same as that to which it gives risf on passing 
'nto region \'I: or in short (law (6] ) 

[6] Di'^/)'. 
"Jr ill other words there is apparently no change of grain-size in 
steel on cooling past the critical range. 

Tims it appears that there is no special grain-size to which 
*3ch temperature in regions VI and IX corresponds: but that the 
^*^el in these regions simply inherits the grain-size which it bail 
fwieivcd in region IV. 

Scfetifh Law of GraiH-si::e. — From laws [4J and [5] it 
'ollows that if the steel has been exposed long enough to the 
"'Shest temperature reached in region I\' to grow to the size 
corresponding to that temperature, then the grain-size even after 
*'ow cooling will be proportional to that highest temperature, or 
law [-|_ 

l7| Z>P:£)P' = T'"":T'"*'. 

Indeed, this law shoidd hold good in a rough way even if the 

'~*''^going conditions are not accurately complied with. Thus, if 

*'*'''^ like pieces of steel are heated to different temperatures in 

"^Sion IV, but at approximately bke rates, then even if their 

J'^Urn at their highest temperature is not long enough to give 

*^h the full grain-size corresponding to that temperature, yet 

^*^h will approach that limit of size towards which it tends, 

'^*^ grain-size of the more highly heated, growing towards its 

'^'"*^ter limit of size, will be correspondingly greater than the 

'^ain-sizc of the less highly heated, because the limit towards 

^^hich the former tends is greater than that towards which the 

'atter tends. Of these two pieces, then, it will lie roughly true 
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that the grain-size is proportional to tiie highest temperature 
reached in region IV, which is law [7]. 

Fig. 76a shows how the grain-size of the slowly cooled steel, 
or D", increases with the temperatnre to which the steel has been 
heated in region IV. Note the very coarse meshwork of the steel 
heated to 1339°, the finer meshwork of that heated only to 
1212°, and the still finer meshwork of that heated only to 966°. 

A most important inference from this law is that an inspection 
of the fracture, or of the microstmcture in a polished section, 
indicates whether the steel has been unduly heated or not. To 



e of ihc Highest Temperalure Reached (Tmi 
Gtaia of slowly Cooled Steel. 33 Diamelen 

Kleel of 0.50 per cent of carbon. 
iVm, Campliell, in the Author's Laboratory. 



:ui^^^ 



the practiced eye it indeed gives a surprisingly close measuH 
the temperature reached in region IV, of course not absolutely 
in degrees Centigrade, but relatively. It is probable that before 
many years we shall be able to fonnulate these laws with some 
precision, so that even the relatively unskilled can tell from the 
grain-size in the polished section to what temperalure in r^ion 
IV the steel has been heated, if the composition is known, and 
if the known conditions of the case tell us in a general way what 
the rate of heating has been. Such information can often be bad , 
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Eown conditions of the heating- furnace, the size of the 
1, etc. 
21 J. Eighth Lav.', Heat-refining. — This is probably of 
'more direct practical importance to the practicing engineer than 
Hiy of the other matters here considered. We may consider two 
s of conditions, ist, that applying to steel of about 0.90 per cent 
f carbon, i. e., solic steel, and 2nd. that applying to steel contain- 
', less carbon, i. e., hypo-seolic steel. 
fleal-refimng of MoHc Sled. — If a piece of feolic steel which 
been made coarse-grained by high heating in region IV, 
is cooled into region VI (whether to (he room-temperature or only 
to some higher temperature in region VI). and is then reheated 
into region IV, during this passage across its narrow transforma- 
■ ^on region (represented in Fig. 68 as the point S), the old coarse 
ain, D', is broken up and a new finer grain results. This new 
1 will then become proportional to tht temperature reached in 
[his present sojourn in region I\'. To show this let us turn 
again to Fig. 76. Let us suppose that a piece of steel has been 
heated to 1400° and has acquired the coarse grain of the size G", 
^^wrresponding to that temperature, and let us further suppose that 
^^Bis then cooled completely. 

^^P The grain-size of the cold steel may be represented by letter 

^^i- Suppose now that this steel is again reheated as shown by 

•he dotted line LMN. Apparently no change in the grain-size 

is reached until the temperature rises past Ac,, i. c, until the 

"«I enters region IV. But when this occurs, the old coarse 

pain appears to be completely wiped out, and a new grain, 

fJttrcmely fine, is established. The grain-size seems to follow 

^■"We LMNJ. This may be called " Heat -re fining," 

^B This gives us law 8, heat-refining, if the temperature -of 

^V^*V sleet is raised past the transformation- point .^Ci^.„ the pre- 

^B**""^ grom is effaced and replaced by an extremely fine grain. 

^B^ The grain acquired in thus rising past Ac,.5j is so fine that 

^B^ steel is often said to become amorphous; let this give us an 

^^^^ of the extreme fineness, although it is more accurate to 

^^^^I; of such fine grain as porcclanic than as amorphous. 

^B^ If, now, the temperature is further raised, then, quite as in the 

^^pvious sojourn in region IV. the grain-size begins increasing 

^^P*h the rise of temperature along line JDG; and. after the steel 

^B' again cooled, its new grain-size, Dp, will represent the highest 
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- C-i'itially weakened, without hci: i 

. Sv*es<. as the temperature ri>es fn>i 

>- rvi::ion \' : that the coarse struct:: t 

'. :-.:r.perature enters re.c:ion IV: a: "i 

^ ;. ::ew orfowih of grain-size within 

:.:*:i:uung Ixuh across region \' aii 

: ■> far above Ac^, as happens when :1 ^ 

■;■'<.' time the old grain has been \vii>«-' 

^- VvT. the new grain which will ha "^ 

.. -. "-J size: hence there is no such sba '*■ 

- .', ■ .IS we find in case of an^lic steel. ^ "* 

V- .•.■."•:o: !)e wiped out fully except "^ 
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\v . is but little higher than Ac,, /- 
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S region V (Fig. 68). In cooling from region IV, when the 
nature crosses GHS and enters region V, the excess of iron 
W over the ccohc ratio of 99.1 per cent iron and 0.90 per cent 
D begins to separate out within the austenite, under many 
tions forming a network, the coarseness of which depends 
the temperature which has been reached in region IV. In 

words, the ferrite-excess which separates out as the tem- 
ire sinks below Ar, habitually segregates itself as a network, 

may be continuous or rudimentary. But whether contin- 
Or rudimentary its coarseness, in the sense of the size or 
of the meshes which it encloses, is the measure of the grain- 
If these meshes are coarse, the grain-size is coarse ; indeed 
icsh with its bounding network may be considered as a grain. 
Ue of these grains increases with T™*". 
s the passage across region V continues, the separation 
■rite progresses, so that the ferrite network between the 
ling austenite grains progressively thickens and becomes 
strongly marked. This continues until the temperature 
s Ar,, the lower boundary of region V, by which time the 
ring meshes of austenite have gradually expelled into the 
fing network all excess of iron over the pearlite ratio, 1. f., 
rdenite ratio of 99.1 iron : 0,90 carbon ; so that we now have 
ite network of maximum thickness, encircling meshes of 
Bte, i. e., austenite of Kolic composition. As the temperature 
past Ar^, 1. e., as the recalescence takes place, the austenite 
i change into pearlite, apparently without changing the 
Sng ferrite meshwork. For simplicily of description I pass 
iprogressive nature of these transformations, from austenite 
^ the conditions of martensite. sorbite, and trooslite, into 
fc These are important, hut not for our immediate purpose 

a cooling continues through region \\ this structure seems 
nst unchanged, ant! indeed to remain unchanged during 
fUent heating, until, as in heat refining, region V is again 
d. On recrossing this region the clianges which we have 
ftCed again occur, of course in reverse order. That is to say, 
temperature rises past Aci the pearlite of the meshes changes 
pto austenite of asolic ratio ; as the temperature rises farther 
twork of ferrite is progressively reabsorbed by the austenite 
I, and thus grows thinner and thinner, but apparently with- 
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^ ^ :c -;^t: u' :he network. On thus reheating pie' 

i;. c : "lypo-xolic steel (carbon 0.56, silicon o. X-4^ 
, ^. ^-^ ^ ix>ohcrj5 0.02. sulphur 0.02), I could see, ^3' 
^ :vrr'T: .?iec:;s heated to different temperatures ^^ 
% -t -trrrre nerwrork gradually melted away, quite ^^ 
^> . c^ V -do :f fjoating in warm water. Bythetir 
V V .. ».dr : n^xs V, Ac,, had been reached, this m 
X '. V '^ i-jsiiroeaned ; its absorption by the austeni 

.^ -^ « - 1- ;. 'xrv: ■.:^^^I:. 

;^"t's>; ^ -^i^-ah>orpiion of the ferrite network is wh--^^* 
>^^ X ^'•■-vj- A^-jLJKT.ing of the old coarse structure, dev^^l'' 
< -^ -^ ^r^/r "r::^. heating in region IV. And the fact th.^^-* 

. >. ' i-*. •• > jrjLCC-.xnpanied by any change in the situati< 
• ,^, rx*T:c\;r> of the network, or in other words in 
^ >^ vN> , .X r!c<Sr< which that network encloses, is the reasc^*^ 
,- viTx? >:r:x:rjre. as it fades and becomes feebler, stS- *^ 
A-ii^^ of vxarseness. It has less and less effect ^ ^ 
X -^ '*^^-^ or rupture; but in so far as rupture follow 
< . .r^.x«H.-<s it ywlds the same old degree of coarseness 

..:::< :iK ?iii coarse structure has thus been fading awa] 
*. ..^i^i-:lKit.^x•^?em structure has been building up. Foi 
. ^ .1,, \ "" : P"*' = T:T, the austenite of the meshes ii 
^ :^ : Hit' Mcw grains within the old network. Thes 
X .X ^ .iii> i jLisrentte not surrounded by any new networl 
. >:>>. uvMri^ raised the temperature part way across 
*. .^.tiii f%v^rr ::. in which case the ferrite which falls;^^ 
., L . ^ .. ti iK iuscaitte as this cooling through region V 
,v^^ *..: <iti\ -i 'Jvw ferrite network, which will encircle '^^^^^ ^ 
.^iiMtii. ^r:ijjtrs In this case if we cool the steel 
,. i;iu I •.>v'>^^5i network, (i) the remains of the 
..>^ ^^iMV'Ui^. HvH'v xvr less effaced according to whether 
......V T«i.>v t!<ii WiV?t K>r little above Aci ; and (2) within 

.■ w.. Ci**!^ wirtwxMrfc formed in the excursion into 
..:.;.r vcv iiM: "SJii^w place. 

., .\.* xvv WbiA 'ii' much hypo-seolic is not thorough- 

, N ., .** vvcv /i: hc^i-wfining, because if the excursion 

xvv « ^*fVM^> ti^ efface thoroughly the old coarse 

^ \ ^^^^ ioTTfit TKtwork will, because of the extent 

_ Vvn*?*<' **^ ^ temperature interval between 
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I ACi and the limit of that excursion, be of very considerable 

The researches of Mr. K. F. Goransson* when a student in 
laboratory went to show that this is true of h>'per-ceolic steel 
3'So, in a general way. 

ZljA. To FIND THE TEMPERATURE OF HeAT-REFINISG. — 

'n Case of steel containing between 0.40 and 0.90 per cent of carbon, 
^"^ upper critical point, Ac;;^, at which refining is completed, is 
'hat at which the magnetic properties are lost, apparently by the 
change of the magnetic alpha ferriie to the non-magnetic gamiiia 
""On of the anstcnitc. So it comes that the refining temperature, 
'" the sense of that necessary to complete the refining, is that at 
'^"hich tlie meial ceases to be magnetic. This temperature may 
readily be detected by noting whether the steel is or is not mag- 
"^^'ic. A dipping needle can readily be made by hardening a 
'Sh-carbon steel wire, magnetizing it, and mounting it in a small 
'''"ooden roller. In seeking to learn the refining temperature, the 
-t^el which we are treating is heated slowly and from time to lime 
'"^-"nioved and held beside such a needle, so as to learn whether it 
's still magnetic. In case of large steel objects a small piece of tfie 
same steel should be heated alongside of the large piece, and used 
*^'' testing for magnetism. 

2175. Stead's Brittlexess. — The fact that the proportion 

l^etween the free ferrite and the pearlite in very low-carbon steel 

'^ Very different from that in high-carbon steel, naturally leads 
*-* SQtnewhat different phenomena of heat -treatment, of which a 
^^y important one has been discovered by Stead. f 

He found that, if the carbon -con tent is extremely low, say 
^tw^en 0.025 and 0.12 per cent, then the grain grows prt^fressively 

'^^^'"scr as the temperature rises from about 500° C, and instead 
being refined, continues growing as the temperature passes 

tK^' ' ^^^' "'^°' ^""^ beyond this continues growing, apparently until 

^ temperature reaches Ac.j. From this point on no material 

^'^ge in size appears to take place until a temperature of about 

r"*^" C. ( Acj) , is reached, when the coarse grain is broken up and 
*^otnes refined. 



• " The Effci!! of Rtheating .upon the Coarse Structure of Over- 
*<ed Steel," Trans. Am. Inst. Mining Engineers, to appear. 

t/owrno; Iron and Steel Institute. 1898, I, p. 145. and 1898, 11, p. 137. 
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His results are expressed graphically at A in Fig. yy, ar 
ease of comparison the ' corresponding behavior of ccolic st 
roughly sketched at B in the same figure. The dotted line ii 
A of this iigure is to indicate that the grain of the austenite 
is present at temperatures. above Aci, begins increasing in size 
the time when it begins to form, i. c, as soon as the tempei 
rises above Ac^. 







Steel of 0.05 per cent Carbon Steel of 0.90 per cent Car 

^ ig- 11' Conjectured Relation between Temperature and Size of Grain o: 

First Approximation. 

In both classes of steel we have the phenomenon of the 
ing on passing AC;. ; in the low-carbon steel wc have in ad( 
the coarsening and embrittling on slow rise of temperature tin 
the upper part of region VI. It is noteworthy and indeed na 
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'•>at boili lomis of brinletiess. that caused by overheating higiicr 
carl>on sieel. and that due to long exposure to a temperature o£ 
500*" to 700° in case of low-carbon steel, are cured and the metal 
's refined on heating past Ac, : for in each case what here occurs is 
that the absorption of the ferrile by the aiistenite completes itself. 
^n healing toward Ac, the quantity of free ierrite becomes progres- 
sively less; but as its absorption by the auslenite pr(^jesses, its 
geographical position, if I may say so, does not appear to change; 
^•^ that, as already pointed out. the size of the grain remains un- 
<^hanged. It is on passing Ac, that the absorption of the ferritc 
^^^^Tipletes itself, that this ferrite, the coarse granulation of which 
nas caused the coarse grain and brittleness, itself disappears, and 
^*'*th it much or even in some cases all of the coarse grain and 
■"^ttleness which had been caused. 

So far, then, the two classes of steel behave in general alike, 

^s is JO if^ expected. But that they should behave differently on 

'"'sing slowly through the upper part of region VI is not surpris- 

"^S". as the least reflection shows us. For if the carbon is from 

^^V 045 to 0.85 per cent, then the steel as a \vhoIe. in its slowly 

''***^Icd or pearlite state, consists of a large important ground mass 

'-'• Jiearlite, penetrated hy a rather thin network of ferrite. If the 

^^'"lion is very low, say from O.025 to 0.12 per cent, as in the steels 

^*^'<3ied by Stead, then on the contrary the pearlite, instead of 

'^'"'"iiing the greater pan or at least an extremely important part of 

'^^ whole, forms simply small scattered masses, in a great excess 

* ferrite. Under these conditions the coarsening and embrittling 

l«w-carbon steel in the upper part of region VI are naturally 

'^rred to a coarsening of the ferrite, rather than to any change 

'^ the pearlite. 

. . It remains to be seen how far like effects can be induced in 

'S"Vier carbon steel. Should it prove that steel of this kind is not 

'**ject to this ailment, or only subject to a mild form of it, we 

^'^"^ not be surprised ; for we naturally refer the grain-size of this 

» ^1 to the size of the meshes of pearlite enclosed in the network 

■*^ ferrite, rather than to the grain-size of the ferrite in that net- 

^»-k. 

218. Bltrning.— Up to this point we have been considering 

^^^ moderate overheating. But if the overheating is extreme, then 

cohesion between (lie adjacent grains becomes so feeble that 

^>' are forced apart to a certain extent by gas evolved from 
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within, Tliis gas probably consists, at least in part, of carbonic 
oxide, formed liy llie union of the infiltering atmospheric oxygen 
with the carbon of steel; though dissolved gases, hydrogen and 
nitrogen, may also contribute, being thrown out of solution by the 
rise of temperature. Such steel is said to be " burnt " as dis- 
tinguished from that which is simply overheated ; and we may pro- 
visionally adopt this distinction, that burning consists in a mechan- 
ical separation of the grains on extreme overheating. 

There is another feature of burning, the great thickness ot 
tiie network of ferrite which forms when this highly overlieated 
and hence very coarsc-grai ncd steel cools through region 




I 



Fig. 78. Burnt Sleel of 0.50 Carbon. 33 Diameters. ^^H 

Made by W. Campbell, Ph.U., in ihe Author's Laboratory. ^^| 

Burnt steel is recognized by its extreme brittleness both hot *" . 
cold, its coarse, shining fracture, and the oxide coating which ^ 
often find in that fracture. It is quite possible that the coarsei'^^ 
of this ferrite network may contribute to the effects of bumif*^^ 
but it is not easy to understand how it should come about that t*^^ 
alone and by itself should suffice to make the steel so incural^'^ 
brittle. It should be possible to break up, by mechanical kneadii'^? 
if not indeed by simple thermal treatment, the effects of tl' 
microscopic segregation of ferrite. 

Fig. 78 shows the microstructure and also (in A) part of ih 
fracture of burnt steel. The fracture was polished down, and tl"^ 
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' T^rts here shown as level were then etched. They show the coarse 
grain of the austenite, especially when the small magnification (33 
•^ameters) is taken into account. The depressed parts in A show 

I tiie brightness of the fracture, and the smoodiness of the surfaces 
slong which rupture passes. 
Burning, at least if extreme, cannot be cured by either heat- 
fefining or mechanical refining. That heat-refining cannot cure 
it is natural enough. This process acts through inducing a met- 
smorphic change in the continuous parts of the metal ; its very 
"ature shows us that it can have no power to close up mechanical 
fiaps actually existing. 
The following results obtained by one of my assistants il- 
'"strate roughly how the injury caused by overheating increases 
*>th the temperature reached, and how the curative power of heat- 
y"^fining diminishes as the temperature passes from region IV 
mto region II. Althougb these results have been on exhibition 
"1 riiy museum for some years, I owe this suggested generalization, 
'hat burning sets in with the passage from region IV into rt^on 
^i- to Professor Stansfield. Note that although exposure to a 
temperature of 1250° made the steel so brittle that it broke when 
'*^'it through 14°, yet after refining it bent 144° before break- 
'"S"- With higher heating the brittleness was only slightly in- 
creased, but the remedy which refining caused was relatively slight. 
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- Brittleness Caused by Overheating, and its Cure by 

Heat-rc fining. 
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_ It is in conformity with this idea that high-carbon steel is so 
^"ttch niore liable to be burnt than low-carbon steel. The differ- 



■ betw 



1 these two classes in susceptibility to burning is too 
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great lo be referred to the difference in the temperature at whiw 
freezing begins; it is to be referred rather to the steepness 
the left-hand boundary Aa of region II. A natural infere'i'^' 
which should be tested, is that it is this boundary which deternii"^ 
the forging limit of temperature, as well as the temperature "^ 
burning. It is, indeed, to be expected that in any event the st^ 
should be unforgeable in region II, liecause here it normally co"" 
sists of a mechanical mixture of frozen austenite and of mol'^^ 
carbiirized iron. Such a mixture, part molten, part sohd, o>i>' 
hardly be forgeable ; the blows of the hammer should squeeze O^* 
the molten matter, and the whole should fall to pieces. Tf^ 
indeed, is one of the familiar things which happens when we t r> 
to forge steel while it is at a burning heat. 

As a palhative for burning, mechanical refining by rolling, ct^^-' 
is much more effective than heat refining, as we should natura^'^ 
expect. For while heat refining should he powerless to close «-'P 
even the most minute cracks, the compression and kneading wht^^*' 
accompany mechanical refining should have a powerful cffe^^*^ 
in closing cracks even of considerable size, especially if their si<l^® 
have not become coated with iron oxide. 

2\%A. Why do not Ini^ots and other Ca-^ttngs Burn :* '^ 
Cooling through the Burning R-\ngk? — It will at once "^^^ 
asked, how then is it ever possible to put into good condition ^x^f 
steel which has been cast in a molten state into ingots or otl» ■^^ 
castings, since these evidently have in their initial cooling pass-^^ 
through every temperature between their melting-point and t^^^ 
cold, and hence necessarily through this range in which " bwrning^S' 
this incurable disease, occurs ? Certain it is that ingots and otli^^-^'' 
castings in thus cooling do not nndergo burning, although st g"^ ^' 
bars heated to this temperature, whether cooled suddenly ^ir 

sloivly from it, are found when cold to have been incurably bur. — *!'■ 

Three explanations suggest themselves : 

(O That the burning is connected with the rise as such "' 
temperature, and that simple cooling through this temperali— ^^" 
cannot induce burning. 

True it is that heating through a given range of temperate— "^. 
may have quite a different effect from cooling through it. Bu*^ 
often happens that a steel ingot, of which the outer shell 1 '* 
solidified while its interior is still molten, is set in a special f<^*!^ 
of heating-furnace called a soaking-pit ; and parts at least of t 
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Erozen shell then are reheated very close to the nielliiig- 
the heat of the still molten interior. Yet such ingots 
hereby burnt, although there has been a rise of tenipera- 
rugh the verj- range in which a bar of sieel is burnt. Here 
explanation breaks down, and we reject it as incompetent. 
That burning is due to oxidation of the faces of the 
le grains which compose the metal, by the inward diffusion 
tmospheric oxygen, These films of iron oxide, thin and 
luous though they may be, may indeed be so distributed 
ise great weakness along certain planes; hence the injury 
le high temperature causes. But when an ingot or casting 
ig from the molten slate it gives off much liydrogen 
ad t>een dissolved as such or "occluded" in the molten 
The outward working of this hydrogen may both me- 
y restrain the oxygen from entering, and also counteract 
i explanation seems reasonable. It could be tested by 
whether a bar of sleel heated close to its melting-point 
or in an atmosphere of hydrogen is incurably burnt, 
i explanation then is that in this burning range ingots and 
in their initial cooling are not burnt because protected by 
olution of hydrogen; but that bars of steel made from 
gots, having lost that hydrc^en, are burnt in this range 
stration of the atmospheric oxygen along the crystal 

That whether (he burning is due to extreme coarseness 
and to setting between the adjacent grains a network of 
10 thick that to break it up and redistribute it is very 
; or whether it is due to intergranular oxidation, the 
cal distortion and kneading which an ingot undergoes in 
or hammering down into a bar is much greater than 
ich a bar can undergo in rolling nr hammering down into 
ET bar; and that the former greater kneading suffices 
op and undo the work of burning much more thoroughly 
r latter. The greater kneading which an ingot undergoes 
iming, while the slight kneading possible in reworking a 
r does not. 

is explanation does not suffice to show why a steel cast- 
ich undergoes no mechanical work at all, is not burnt by 
through the burning range. It is therefore incompetent 
|n the phenomenon by itself. Hut. as castings in cooling 
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are generally protected from atmospheric oxidation by that 
moulds, this third explanation may be valid as contrilmlory to the 
second. In other words, the fact tliat steel bars are burnt in » 
range in which ingots are not, may be due jointly to (2) ihtpw 
tection of the ingot by its own hydrogen from oxidation, vo^ 
(3) to the more thorough breaking up of such thinner films oi 
oxide as do form into relatively harmless minute separated parti- 
cles through the greater kneading of the ingot. 

We may therefore provisionally accept the second explanalioc- 
with the third as perhaps contributory. 

219. Mechanical Refining. — The coarse grain and it^ 



attendant brittleness induced by heating steel to the upper part 



of 



region IV can be cured by such mechanical distortion as occurs " 
rolling, hammering, and like operations. As austenite appears *' 
belong to the isometric or cubic system, so its grains are normally 
equiaxed. The mechanical distortion in rolling and hammerii^ I 
elongates tliese grains in the direction of rolling and shortens thC^ 
in the plane of the pressure ; this appears to throw the me** 
crj'Stallographically into unstable equilibrium, with the result t*^^ 
the old grains thus distorted break up, and that the metal '^^' 
arranges itself into new and equiaxed grains. 

But these new grains assume a size normal, not to the te***^ 
perature at which the old ones had formed, but rather to ■C^"*^ 
temperature now existing; during the rolling or hammering t* 
temperature is constantly falling; each pass through the rolls, a-*"* 
each blow of the hammer tends more or less fully to break ""-^ 
the pre-existing grain, and to substitute for it a new grain o£ 
size more nearly normal to the now lower temperature. To spc^^^ 
more accurately, the new grain-size approaches that normal £^^^ 
the existing temperature ; but the result is much the same. For 
each of a succession of passes through the rolls breaks up t"^^^ 
existing grain, and substitutes for it a new one, then each n^^^ 
grain will be smaller than the preceding, because the noi 11 -^ ^ 
towards which it tends is smaller than the normal towards whi^*-^ 
its predecessor tended at the higher temperature then existing. (S "^ 
end of § 219.-I.) 

Fig. 79 attempts to express this condition of affairs grap '** 
ically. Here ordinates represent temperature and abscissa coars--*^ 
ness of grain. The line ACiA may be taken as representir** 
roughly the normal size of grain, D", which steel of given cot^^'. 
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tends to assume with varying temperature, or the line 
il coarseness of grain. If the grain is smaller than the 
or existing temperature it always tends to grow and to 
that normal (law [2] ). If it is coarser than that normal 
lot tend to shrink back towards the normal (law [3]), 
hen the temperature is rising past Acg (law [8]). 



/^oo 



I 



I 




cL 



HP £ 

The Influence of the Finishing Temperature on the Size of Grain. 



us suppose that we cease rolling a piece of steel while its 
ure is at B, the mechanical work of the rolls having broken 
I down. During subsequent cooling the grain will grow, 
it as sketched in the line BCE. If. however, we resume 
r'hen the grain has reached C, we will again break down 
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the grain, and drive it back, say to D. And so. keeping on. 
between passes the grain grows and the temperature siiniiltane- 
ously falls, while at each pass the sc]Heeze which we give the metal 
breaks up the grain, and the curve of grain and temperature fol- 
lows the zigzag line BCDG. 

If we cease rolling when the temperature has fallen to C, 
then the grain will grow as the nieul cools, till the line of the 
actual size of grain intersects that of the normal size, the line 
Ac, A; with further cooling no further growth ensues, and ihe 
final size of grain is OP, If we had c|uenched the metal while 
at G, the final size of grain would have been OH. If we had 
ceased rolling when the temperature was at B, the final size oi 
grain in the cooled steel would have been Of. Needless to say, 
far from pretending that these curves are drawn to scale, I canwi 
even insist that their general teaching is true : but it certainly seems 
to harmonize with our phenomena. 

219.-J. FiNisHixG Temperature. — If the foregoing vieivs 
are correct, then it follows that the size of the grain will be ihf 
smaller the lower is the temperature at which the last distonion 
occurs, whether this distortion is caused by the last pass in tlif 
rolls or by the last effective blow of the hammer. Or rotiglily 
speaking, the grain-size will be the coarser the higher the finislt* 
ing temperature; this we may call the ninth law, or that of f'"" 
ishing lemperaiiire, 

|9l D:D'^I-T:fT'. 
in which FT represents the effective finishing temperature. 

Fig. 79a illustrates this priifciple. This shows the mK^^ 
structure of two like bars of the same steel, of which each hart 
first been heated to 1394° C. then cooled slowly to the temperatut^ 
indicated in the figure, then rolled, and then cooled slowly, so ihs* 
these temperatures are the " Finishing Temperatures." N'ole ho* 
much coarser the meshes are in ,-(, finished at 963° C, than "^ 
B, finished at 837°. 

This principle of governing the grain-size by means of tl^* 
finishing temperature is of very great importance. In gener** 
we should be inclined by considerations of economy of power **^ 
roll or hammer steel as hot as we dare. becau,se the hotter it is th* 
softer it is, and the less power is consumed in rolling or harf"' 
mering. But this would naturally lead to a high finishing te**' 
perature, and thus to coarseness of grain and brittleness, Hence ^ 
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itore b desirable as regards power-consumption, but 
Its regards ihe qualiti,- of the stee!. 
t these two conditions it will often be well to lower 
J temperature by some special device, while keeping 
lure high during much of the rolling so as to save 
r instance, in lire rolling the initial temperature is 
hen the lire has been reduced nearly to the dimensions 
stream of water is turned upon it so as to hasten its 
iderably, with the result that during the last part of the 
emperature falls rapidly, so as lo give a low finishing 
and a fine grain. 

MIcroslruclure of Slecl of 0.50 per cent of Carbon 

Heated to 1394* C, (hen cooled slowly 10 
.3" (A) 837MM) 

then tolled, Hnd then ciraled slowly. 




Iut:iit:c of finishing Timptraluit ou iht hiiic of the Utaiii oi 
Sleel of 0.50 per ccnl Carbon. 
by Vim. Campbell in ihe Author's Laboratory. 30 Diameters. 
el, nhicti is the same as that shown in Fig. 7611, was heated to 
lowed 10 cool to the lemperatures indicated in the figure, then 
n cooled slowly. 



rolling a like purpose is kept in view. Because the 
rail is so much thicker than any other part, it tends to 
more slowly than the rest during the operation of 
nitial square bloom into the final shape of th« finished 
ihort the head tends to have a much higher finishing 
■ than the rest of the rail. To meet this trouble, in 
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some cases wben part of the roUing from blooni to rail has beffi 
dooe. am) wben the metal in the intermediate stage of "billet" 
i« tdtefttetl sJ^tly. the pan which is to form the head is purposely 
kept cooler than the rest by keeping the billet as it were on its 
IhhI. *. '■-. by putting the head part down in contact with the fiic- 
(Mre beCBm, while the part which is to fonn the flange lies upper- 
iBBtt aod is folhr exposed to the heat. Again, during the rolling'' 
llta pift tibiA is to form the head may be specially cooled by strmg 
)«» al cnU saicr. 

bk iwtknhr the Kennedy-Morrison process* interrupts the 
WiWln. bcioft Uie last pass, so as to allow the rail to cool and. 
!&■» 1» pve tt a knr er finishing temperature. 

I^r wcfefiig. the tn-o pieces which are to join are in geneial 
>•> skl9«4 btfad up ct as to be much thicker at the point of junc- 
IMM llfeaB the finisbed and welded piece is to be. Hence, after 
iMiMhilt fto^Kt, i. e., after the fir^t few blows which cause the 
VIHK Ijitcts CO cobefe firmly, the smith continues hammering so 
4» V *«>1mm dw fecal thickness here to that aimed at in the fui- 
«4tot|iMCe. and this hammering is prolonged until the temperature 



k Kt a hamilessly low point. The ultimate object of all this 
^■HwJl»re is to give the metal at and about the weld, which h** 
i»tiW« fc*«" v«y highly heated so as to permit welding, * 
««MM^ fine grain and its attendant good qualities through hav 
iH^ Ik* Itaukmg temperature low. The object, in short, is ^ 
mMhR I^ " mechanical " or " hammer " refining of the necc^ 
ami!)) tfiwttw teO parts. 

^jlf^ w (ttly jnst beginning to accumulate data as to th^ 
lhMay««bc effect of mechanical refining. It is hardly to be stiP" 
PwmJ tiut. in rail-rolling, if all the passes except the last ta^ 
\ioii< it Ji >e*y high temperature, and that then the last pass only ^ 
A * i«vi>fr teraperatiire, this last pass will cure completely 3-'^- 
Uifviii thv injiirj" done by the previous high heating, especially ' 
ibe .uikHMit of HKchaiiical work, t. e., the reduction of cross-sectio"' 
\Vk ltu» inal pass is very slight, as is almost necessarily tlie ca**' 
t hiM. i» «c <MU)pare the grain-size of Fig. 76a with that of F*&' 
"VM. wc s« a* iHKC that the grain of the piece rolled at 963 ' 
*lht sitfttly cooling from 1394° (--J- Fig' 79a). is very mucn 
^(^Mii tbwt ihU of the piece {C, Fig. 76a), which was siiap'^ | 
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)66'' and then cooled slowly. Certainly, tlie degree of 
iechanical refining here done, while it has reduced the grain-size, 
^s by no means brought it down to the size corresponding to 
ihis same temperature as T"'^. In otlier words, the grain-size 
for a given temperature taken as T""" is much finer here than 
llai corresponding to the same temperature taken as finishing tem- 
ptraiure. Whether with greater reduction in the rolls the grahi- 
sw for given finishing temperature would be nearly the same as 
*ai corresponding to the same temperature as T™*, remains to 
Ksetn, 

[■ 219 B. FL'HTHER COXSIDEKATION OF THE INFLUENCE OF T"" 

Rtbe Physical Properties. — It has been pointed out already 

Wk, while the coarseness due to extreme overheating is accom- 

anied by very great injury, and while it is true as a rough gener- 

I'zation that the quality of a given variety of steel is the better for 

•ost purposes the finer its grain, yet this is true only when we 

Mipare grains differing much in fineness, e. g., very coarse grain 

! fine grain. When we come to consider the properties 

esponding to different sizes of grain all of which are fine, and 

lerefore due either to a low T""" or to low finishing tern- 

ture, we have to qualifv this law very greatly; and we find 

1 certain respects a very low T""" or a very low finishing 

lerature may be much less desirable than one slightly higher. 

It would be well if we could proceed at once to study the 

I between grain-size and physical properties of direct im- 

:e to the engineer, tensile strength, elastic limit and ductility; 

Unfortunately we have little direct evidence bearing on this 

We therefore turn to the relation between T""*" and 

hing temperature on one hand, and these physical properties 

e other. Even here our knowledge is as yet extremely frag- 

tary : but to facilitate the study of such data as are at hand 

E plotted in Figs. 79b, 79c. and 79d the results obtained by 

and by the Westinghouse Machine Co., together with those 

Bveral investigations in my own laboratory'. Further I give 

^ble 12 some later results which I have reached while this 

Ie was in press, with the assistance of Mr. I. C. Bull, who per- 

Md the manipulations, and in Table 13 the results obtained by 

Wm. Campbell in my laboratory. 

Looking at these results in a general way. we note first that 
verify the generalization made long ago, that the influence of 



Table 12. -^Influence of the Temperature from which Steelis 
Cooled Slowly upon its Physical Properties. 



Steel No. 164 

SLOWLY 

COOLED 

AFTER 

HEATING 

TO 

75o» C. 
iioo'C. 
1300'* c. 
1400'* c. 



Carbon 0.035 



(Si .093 



P. 0^3) 



TENSILE 

STRENGTH 

POUNDS 

PER SQUARE 

INCH 



ELASTIC 

LIMIT 

POUNDS 

PER SQUARE 

INCH 



ELONGATION 
PER CENT 

IN 
8 INCHES 



28,353 
28,657 
28,529 
30,064 



19,948 
18,130 
12,142 
11,483 



28.00 
30.00 

35-00 
'3-25 



REDUCTION 

OF AREA 

PER CEN"! 



Steel No. 39 



Carbon = 0.22 



(Mn = .44 



P = .oo8 



75o» C. 
iioo** C. 
1300** C. 
1400** C. 




30J15 
19,242 

12,880 





S^'tl 



Ib^ 



Steel No. 193 Carbon = 0.70 (Si = .141 Mn = .068 P = .012 S 




Steel No. 46 Carbon = 0.92 (Si = .124 Mn = .240 P = .014 



750° C. 
iioo«» C. 
1300° C. 
1400° C. 



81,087 
109,586 
106,913 

64,189 




Steel No. 192 



Carbon = 1.04 



(Mn = .i2 



P = .012 



750° c. 


83,046 


51,400 


13.75 


53.8* 


1100° c. 


107,814 


65,926 


10.37 


22.17' 


1300° c. 


88,376 


48,643 


3-37 


16.23 


1400° c. 


46,055 


32.051 


0.87 


11.24 



Four test pieces were cut from each of five lots of steel. They were ^ , 
heated extremely slowly to the temperatures indicated. In each heating ^ 
test pieces, i.e., one from each of the different lots of steel, were set comp^*' 
side by side within a long narrow muffle, with the thermo-couple of » 
Chatelier pyrometer in their middle. The muffle closed at each end, was t:^ 
pletely enclosed in a special cylindrical gas forge, also closed at each end, ^ 
in such a way that both ends of the muffle were within the flame of the io'^^ 
The temperature was then raised very slowly, especially towards the end of 
heating, until the desired temperature was reached. The steel was then allo"^' 
to cool slowly within the muffle. The manipulations were performed by 
I. C. Bull under the author*s directions. 
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thermal treatment increases rapidly with the carbon-content (note 
that the lowest-carbon steel, with only 0.035 P^^ cent of that 
element, is practically unchanged as regards tensile strength and 
reduction of area, even by heating to 1400°). 



Table 13. — Influence of Finishing Temperature upon the 
Physical Properties of Steel of 0.50 per cent of Carbon. 
W, Campbell 



o 
2: 



2 

3 



3 
4 

5 
6 

7 



8 
9 





z 

'•n 

ac 

tf3 



«« 
<« 



«« 



2 

« 

« 

« 
c 
« 



«« 



BARS 

COOLED 

FROM 



1390" 



1399' c. 



ft 



f< 



1394' c. 



« 



ROLLING 
TEMPERA- 
TURE 
CENTI- 
GRADE 



Not rolled 



874* 

820 • 

749 • 



Ar a-3 is 

686» 



963* 
9090 

837 • 
8o9» 

781 • 

755' 
724 • 



Ar 2-3 i» 
695 • 

669» 



TENSILE PROPERTIES 



Tensile 

Strength 

Pounds 

per square 

inch 



102,000 



119,700 
123,000 
109,500 
1 15*400 



111,600 



126,800 
127,400 
1 28,300 
128,400 
126,000 
126,500 
130,000 
124,200 



129,100 
130,200 



Elastic 

Limit 

Pounds 

per square 

inch 



60,700 



110,200 

96,500 
77,000 



79,200 



86,050 

86,800 

84,400 
84,700 
87,700 
95,100 
89,400 



94,700 
98,050 



Elongation 
Per Cent 

in 
8 inches 



3-4 



9- 

7. 



5-25 



9.6 
10.25 

10.25 

10.75 
10. 

8. 

9.4 



9.75 
8.75 



Contrac- 
tion 
of Area 
Per Cent 



5-5 



16.6 

26.3 
20.5 



8.3 



28.0 

27.0 

29.7 
330 
33-4 
39-0 
413 



29.6 
27.3 



EIlastic Limit. — When steel is simply heated, as in anneal- 
^^&» to a high temperature, and then cooled slowly without under- 
going mechanical work, the elastic limit varies in a most important 
^^y >vith the temperature from which the slow cooling occurs. 
this temperature is progressively raised in a series of like 
^^^Ples, the elastic limit reaches a minimum at about Aci or say 
7^^** to 730** C, then rises, usually sharply, to a maximum at a 
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leinperature usually hut Httle higher, say between 750° and 85O • 
and then again decreases progressively. Turning to Fig. 79b, ■•^^ 
find this true in four of the five series which give data coveri*^^ 
this matter, and in the fifth we find the same law, with ihec^^" 
I'cption that the depression at the minimum is much slighter th^*** 
in the nthers ( W. M'. C". ) A. Further, in the sixth series (V^*''- 
M". C°.) F., the data show a sharp maximum which correspon*:^* 
very closely with that of the other investigations ; and, while th^^y 
do not positively prove the existence of the minimum at 750 • 
yet they certainly contain no suggestion that this minimum ^•^ 
here lacking. This agreement, which was wholly unlocked fo-^' 
in these different series of results by three different investigator^* 
goes far towards establishing this law. 

.\gain, in Table 13, we find that, as the finishing temperaiUB^^ 
of a series of bars is progressively raised, the elastic limit behai'^* 
in a somewhat similar way, at least as regards reaching a distiiwc' 
maximum decidetily above Ar,j,. In the second series in whicxi 
alone the data are full enough to detect a minimum, one is fouitcJ. 
though not indeed a very marked one. at 724° C, t. e., in ih^ 
same temperature range as the minimum found in the Fig. 7?^- 
I do not like to insist on this latter point because the evidence »s 
so scanty. But at least we may say this, that there is notliK'^T 
in the finishing temperature data inconsistent with the teachi^S* 
of the T™* data. Indeed, we can hardly expect that hke var*^' 
tions in finishing temperature and in T""'" are to have exactn 
parallel effects. 

We may therefore provisionally formulate law [10] 
follows : , 

[lo) .\s the temperature from which the slow undistuf*-^ 
Ctxiling of nicdiiim-carbon steel occurs, is progressively raised, 
t\a,*\'K limit of the cold steel falls to a minimum as this t^^^^^^ 
(vrawre reaches about 700° (Ac; ?1. then it rises sharply *^ 
nusimtim as the temperature rises slightly higher (say to -^ -^ 
*v Soo* C), and then again decreases progressively. 

Frtwi riie data here given we may also formulate law [ 1 1 J 

[ It t In general the slower the cooling the lower is the er ^""^ 
tic limit. ^^ 

It is wholly in accordance with law [10] that Mr. P. H. T^"^" 
K'y finds that rail steel with extremely fine structure (say io_^ 
^«tntUti<.^>t< to the square inch), though it is ductile and res- " 
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\. Influence of the Temperature from which Steel is Cooled Slowly, 

upon its Klastic Limit. 

Note and Legend to Figs. 79b, 79c and 79d. 
;. — In each case the steel is supposed to have been heated to the temperature indicated, 
led .slowly without undergoini; any mechanical work. 
id : C .33, C .50, etc. — n.\\, t».y>. I'tc, per cent Carbon. 

= The Author, rrnus. Am. lust. Miu I'-ng., XXIII, pp. 527, 529. 531 and 533. 
= K. J. V>2\\,Jourti. Iron anJ Stc-l lust., i^/). I. I'latc VI. KIr. III. 
r (Bd.) = R. H. Bradford, fmrn unpublished results reached in the Author's laboratory. 
C) = William Campbell, frum results, to be published, reached in the Author's 



= R. (». Morse, I'raus. .hi:, hi at. .Miu. /-"«<'., XXIX, p. 745. 

!•• C".) = Westinjihouse Ma«.h. Co., /7r«- .Metallographist, VI, April 1903, Krontispiece. 

:ooled in air. K = cooled in furnace. \. — cooled in lime. 
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wear well, yet has too low an elastic limit. A rail should have 
three chief properties; ductility to insure power to resist the shock 
of the dri\-iiig wheels, in order that it may not break; resistance 
to abrasion, that it may not wear out ; and high limit of elasticity, 
that it may not take permanent set and be bent into a series of 
waves between its supporting ties, by the enormous pressures 
whidi the wheels of to-day throw upon ii. According to Mr. 
Dudley's observations, and his opportunities and powers of ob- 
servation are of the very best, rail steel of such composition as he 
likes (carbon 0.55 to 0.60 per cent, silicon o.io to 0.15, manganese 
1.20, sulphur under 0.06, phosphorus under 0.06). should have 
somewhere between 5000 and 10,000 granulations to the square 
inch. If it has fewer, i. e., if it is coarser grained, it is likely to be 
too brittle ; if it has more. i. e.. if it is fine grained while it may be 
more ductile, yet its elastic limit will be too low.* 

Our natural inference is that the low elastic limit which be 
finds in rails with extremely fine grain is due to a finishing 
temperature below that which, according to Fig. 79b, gives the 
maximum limit of elasticity. 

This case is of interest as showing how important it is f 
check by large scale experiments and industrial tests the teachinS* 
of our laboratory investigations, and how each throws light Up*^ 
the results of the other. 

Et-ONGATio\-. — With 0.34 per cent of carbon or less *^ 
cannot readily detect any important and regular effect of the var^ 
lions in the temperature from which slow cooling occurs as rega*^ 
the elongation. 

With 0.50 per cent of carbon fWm. Campbell's data), as *^ — 
temperature from which slow cooling occurs is progressiva^ - 
raised, the elongation of the cold steel decreases moderately ur^ 
this temperature reaches about 1200° or 1300° ; and the clongati^^" 
decreases rapidly with farther rise of this temperature. The ^^^ 
crease is not very regidar, and indeed for short distances lur^^^ 
into a decided increase ; but this seems referable rather to individu — 
peculiarities or observational errors than to any general law. 
have here in mind particularly the fact that, for given ductili^^ 
or true elongation, the obser\'ed elongation may vary very cor"^ 



'The Melallographist, VI. p. iii, and privj 
13, 1903- 
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%■ 79c. Influence of Ihe Tentperalure from which Steel is Cooled Slowly, 

upon its Ductility. 

(See Note and legend, p. 271). 
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sid^mWy with the position in the length of the test piece \vl 
mptun? occurs. 

With 0,70 per cent of carbon (Table 12) the indications ^ 
rtux-it the same. 

With h>-pers«olic steel (4 cases by the author), the elonj 
ti«.ni falls off cvHitinuousIy and markedly with every rise of ttrC^^'^^' 
^Hfrdture from which slow cooling occurs. In two cases this d^ t^e- 
cr^ase is much sharper about Ac^ than at higher temperature^s=^^^I 
:h^f viata in the <.<her two cases do not indicate clearly whether tl«^ '^^ 
decrease varies in this wav. 

To sura this up, the effect of raising the temperature ivonrimDm 
nhich slow cv.x.^Hng occurs is, in general, to lessen the ductilit :^*v 
ds -neasurevi by the final elongation of the test pieces cut frotr 
:-K vViii steel. This effect increases rapidly with the carboi 
vViucfU. being relatively sliglit in case of steel of 0.34 per cen — nf 

^: carVii or less, but very gjeat in case of hyper-aeolic steel. Thei e 

.i:v -tuiications of a general law that^the decrease of elongatic 
> vsvv'ally marked as the temperature rises past Aci, and agai 
-.v \ twrkcvl as the temperature* rises above 1300°. 

V*us is in general accord with Prof. Sauveur's* early detex"- 

M:oii of the relation between the ductility and the g^ain-si^^ 

V N-^vl. He found that the elongation decreased as the grai*^' 

V V v'casv'v!: whence we infer that it decreased as the finishii^^ 

X i:;v '.iKTcastHi. or in other words that the influence *^ 

^v j; vitiivrature is like in kind to that of T™*'^. 

\^ • SiRhNOTH. — In case of steel with less than o-^^ 
V .X . . c.i: 'Hni the temperature from which slow cooling occi-^ 
s > ' ^uc little intluence on the tensile strength, as far . 

\.v iiiven show: but it is the general belief tt^ 
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V \vui:'jrc appaxiches the melting-point (probably if 
of Fi^r. t>8), the tensile strength decreases. V 
v!o tK^t VxHei- this high range of temperature r 

*r Mv^lKT-carbon steel, the tensile strength at fi 

\ ic;»VjVrature from which slow cooling occurs ris 

N\^ . >T even in cases to 900° or 1000°. Then, aft 

nx^'m;. \i tails off very abruptly in case of steel 

,\v! A-!, when that temperature approaches 1400° 
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Influence of the Tem|>trature from which Steel U Cooled Slowly, 
upon its Tensile Strength. 
(See Note and Legend, p. 271). 
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This precipiloiis ilecrease may correspond willi the entn- inW 
region !l of Fig. 68, 

The fact that the increase of tensile strength when the teo^ 
perature from which cooling occurs rises above Ac,, is very mo<3* 
more marked when the cooling occurs in the air than when 
takes place still more slowly in the furnace itself, certainly sUg' 
gcsts that even air cooling may be rapid enough to cause a cert**'' 
degree of hardening proper by preventing the change from ai»*' 
teniie into pearlite with ferrite or cementite from really completii'»£ 
itself. 

While further investigation on this point is desirable. !>*■ 
Campbell's series cooled in lime and in the furnace respective .1^' 
show a material increase of tensile strength, too regular and cor»- 
sistent to be referred to experimental errors, and hardly lo fc** 
referred to liardening proper. 

Dr. Campbell's data in Table 13 do not indicate that finishing 
temperature has any marked influence on tensile strength, probably 
because his finishing temperatures were limited to the rather iW" 
row range between 669° and 963° C. 

This small influence of the temperature from which slow cool- 
ing occurs on tensile strength agrees with Prof. Sauveur's* ear'y 
determinations of the relation between the grain-size and ten*"^ 
strength of rail sleel: although here. too. it is to be noted that l^^ 
range of temperature represented is probabU' very narrow 3*^ 
that his data gave indications that, with a little higher finisht'^^ 
temperature, the tenacity increased, somewhat as is shown 
Fig. 79d. 

The Heat-treatment of Cast Iron. 

220. The He-IiT-treatment of Cast Iron. — The reaction ^ 
normal to the freezing range ( 1 ) to (6) inclusive, and those no-^*, ^ 
mal lo the critical or transformation range {y^ to (13) inclusiv^^^^ 
suffice to explain the results obtained in the industrial hea^^^ J 
treatment of cast iron, if we remember that those of the critic^^^^ 
range take an appreciable time, that those of the freezing rang-^ 
are completed only slowly, and that reaction ( lol, the transforraa 
tion of graphite and austenite into cementite, is extremely sIoW''\^^ 
It is through playing upon the lag of these reactions, through"^ 
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itting liie several reactions to occur to the extent desired but 
trther, that we vary the properties of cast iron by heat-treat- 

Let us now take up certain of these processes of heat-treat- 
, including among them the faster or slower initial cooling 
cast iron as it runs from the blast-furnace or the foundry 
[a-fumace, yielding whiter and harder, or grayer and softer 
iron. Let us then consider (i) the chilling of cast iron in 
TOcess of making chilled castings, and (2) that of annealing 
; castings; and finally (3) the process of making malleable 
ilron castings. 

To fix our ideas, let us consider the case of cast iron contain- 
(-00 per cent of carbon. 

The Re.\ctions which should Theoretically Oc- 
IN Freezing akd Cooling of Sl-ch a Cast Iron. — It is 
teressarj- to recapitulate these, because tliey have already been 
set forth. But, to present this and kindred matter in a con- 
ed form to the eye I have prepared the tabular part of Fig. 68, 
^ng it so that it conforms with the several regions of that 
fe, as applied to a cast iron containing 4.00 per cent of carbon. 
; table the reactions which are supposed to occur in ihe 
. regions are indicated in italics, and the constituents 
are supposed to be present in each region are shown in 
^TALS. 
The theoretical reactions in the freezing and cooling of such 

iron are set forth in column i. 
There are three deviations (of which two are set forth in 
ns 2 and 3 of Fig. 68) from this theoretical set of reactions, 
we may now consider. These deviations are as follows : 
{l) that which we may call the formation of typical gray cast 
the combined carbon of which is just the quantity (say 2 
ent) which suffices to saturate the austenite when in region 

I2) that which we may call the formation of typical white 
ton, in which all the carbon is combined (as cenientite) ; 
^(3) and that which we may call the formation of typical 
gray cast iron, in which all the carbon is in the state of 
[ite, 

122. Reactions m the Freezing and Cooling of Typical 
Cast Iron. — By typical graj- cast iron I refer to one in 
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which reaction (10), the transformation of graphite into cemenlit' 
by reaction with austenite, is suppressed, but the other reaction 
take place in their entirety. 

The result of this suppression is that the cast iron, when txAti 
contains in the form of cementite the carbon (assumed to be 2XS* 
per cent), which in region V'll saturated the austenite, and a 
graphite tlie whole of the carbon wliich in region VII was prescn 
in the form of graphite, which by difference is also 2.00 per eoil 
In short, this cast iron when cold contains 2.00 per cent of coffi 
bined carbon and 2.00 per cent of graphite. 

The reactions, etc., which, as we provisionally hold, ocn:i 
in the cooling of such a cast iron, are set forth in column 2 o 
Fig. 68. 

223. Reactions in the FRnE^iNo and Cooling of TvpicvI 
White Cast Iron, — By typical white cast iron I mean one it 
which the whole of the carbon is present in the combined state, i- f- 
as cementite; and this we may assume provisionally is due to com' 
plete suppression of reaction (3 ) , i. c, the separation of graphite i* 
the freezing of the molten eutectic, so that for reactions (2) ant 
(3) jointly there is substituted reaction {14). In other woith 
in region VII the metal consists of supersaturated austenite. inste*'' 
of the normal eutectic conglomerate of graphite plus satuisle<! 
austenite. The whole of the carbon, which in region VII exisK 
as austenite is in further cooling changed into cementite. This 
and indeed the whole course of matters, is indicated in colutnn ; 
of Fig. 68. 

224. Rkactions in the Freezing and Cooling of TypicJ 
Ultra Gray Cast Iron. — By typical ultra gray cast iron - 
refer to one in which the general course of events is the same* 
in the genesis of typical gray cast iron, with the important tC 
ception that owing to the presence of silicon or to some cShff 
cause, the transformation of graphite is greatly stimulated, soth* 
the whole of the carbon in the cast iron when cold is foutiJ i* 
the condition of graphite, and the iron then consists of ferrite pi* 
graphite alone. Tlie reactions in its freezing and cooling are M 
shown in the tabular part of Fig. 68. 

Jiist what takes place in the cooling of such cast iron, or 
a cast iron which approaches this type in containing when cold iM 
combined carbon than would have saturated the austenite in regiO 
VII, can at present only be conjectured. One possible < 
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I is ihai the aiisteiiite which freezes out as the temperature sinks 
oiigli region II is quite carbonless in case of this typical ultra 
. and unsaturated in case of cast irons which approach 
is ultra tv-pe. In the further cooUng of such iron, the conditions 
ly be the same as those which we have supposed above for t>'pical 
s distinguished from ultra gray cast iron. That is to say 
iclion (10). which ought to convert the graphite into cementite 
n cooling from region Vll into region VIII, is suppressed, with 
IE consequence that the whole of the graphite which was present 
inr^on VII is found in the cold cast iron. 

[1 case of typical ultra gray iron, because the austeiiite is 

posed to be quite carbonless, the normal reactions {11) and 

y which austenite is normally changed into a conglomerate 

Jfpcarlite and cementite. by definition cannot occur; and instead 

K austenite is simply transformed into ferrite. 

In case of cast iron which approaches this tj^ie. we may sup- 

K that these reactions (11) and (8) take place normally, with 

ie result that tlie metal when cold consists of the graphite formed 

■ freezing, plus as much cementite as suffices to represent the 

11 present in the austenite in region VII. If that austenite 

I less than 0.90 per cent of carbon, in short was hypo- 

, then the "cold cast iron should he a conglomerate of 

) graphite, and (2) pearlite with (3) free or " excess " ferrite. 

VA if that austenite contained more than 0.90 per cent of carbon, 

■, was hyper-aeolic, then the conglomerate of which the cold 

it iron should consist, sliould contain free or '' excess " cementite 

Head of free ferrite. 

225. The Chiixing of Cast Iron, — We have seen that in 
e freezing of a hypo-eutectic cast iron, first austenite, a solid 
ion of carbon in iron, freezes out, reaction (2), and second 
teutectic (austenite plus graphite), freezes, reaction (3), We 
■e further seen that the proportion of graphite wliich is actually 
i is the greater the slower the cooling, within limits ; so that 
I cooling appears to restrain the splitting up of the 
fher-metal into austenite plus graphite, leaving the austenite 
bpersaturated with carbon, just as in the case of steel it prevents 
iaiite from breaking u\t into pearlite. Thus sudden cooling 
1 each case a supersaturated solution -of carbon in iron, 
saturated austenite, wliich appears to follow the general rule 
te is the harder the more carbon it contains. 
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Now we often purposely hasten the cooling of cast iron t:»y 
casting: it i" co'd 'fon moulds, a process known as " chilling." *** 
distinguish it from the still more sudden cooling which quenchjofi 
in water gives, as in the hardening of steel. Chilled cast iron »* 
intensely hard and also very brittle. In this operation we probat^l? 
gel highly supersaturated austenite. first by restraining its tentiencT 
to resolve itself into graphite and saturated austenttc at th»* 
eutectic freezing-point oflc, reaction (3), and second by pr^^" 
venting the austenite thus preserved from splitting up in*^* 
pearlite plus cementite in crossing and leaving the transforniati(^^* 
region VIII at Ar,, FSP'. 

Much the same applies to hyper-eutectic cast iron ; the sudtfc^^^^ 
cooling should restrain both the separation of graphite in freezinj 
thus giving highly supersaturated austenite, and also the 
fonnation of this austenite into pearlite and free cementite ir 
crossing and leaving region VIII. 

226. The Annealing of Chilled Castings, — Chilled eastJ 
ings unannealed are too brittle for many purposes, such as railroad 
car-wheels. They are annealed by heating them to a dull red heat» 
at which the supersaturated austenite splits up into pearlite plu - 
cementite, 1. e., undergoes the transformation which it would hav*' 
undergone in region VIII had the cooling been slow. 

But even when thus annealed the chilled castings are wliit" 
in fracture, and intensely hard. Why is this? Had the freezina^ ^ 
been slow the austenite would have been on!y saturated, 1. c, woul^ -* 
have contained only some 2 per cent of carbon, and the rest of th- 
carbon would have existed as graphite. When such saturate^"-^^ 
austenite is resolved into pearlite in region VIII it yields onl;;^. 

2X 



6.67 



- 30 per cent of cementite, together with 68 per cent c 



ferrite (together with the accompanying 2 per cent of graphitei 
But our supersaturated austenite, containing let us say 4 per ceT"^' 
of carbon dissolved in it, on splitting up in region VIII yields (S^ 
per cent of cementite plus 40 of ferrite, in short twic 



cementite. Now, as cementite is intensely hard while ferrite is vi 



soft, we have here a clear explanation of the greater hardness c^' 
chilled than of slowly cooled castings. And in the absence c*' 
graphite we have an explanation of the white fracture. 

Were it possible to cool our molten cast iron extremely rapid'- 
past regions II and VII, say to 800° in wyon VXII, and ihc** 
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K)ol it slowly past Ar,, we should doubtless get approximately the 
hardness which we get in our chilled castings when they have been 
annealed. But in actual practice we split the operation up into 
two, a complete cooling (chilling) followed by reheating (anneal- 
ing) as a matter of convenience. 

Here as in case of steel, the annealing relieves the stress due 
to the initial sudden and hence unequal cooling. 

Since it is only the tread of a car-wheel that needs hardness, 
^ that it may resist wear, and since chilled, i. e.. white cast iron, 
IS relatively brittle even after annealing, such objects are cast in 
""oulds made partly of sand and partly of cold iron, so that the 
['■ea<i of the wheel is chilled and remains white and rich in cement- 
"^. while the rest of the wheel cools slowly and is not chilled, 1. c, 
** gray in fracture. We thus get the tread intensely hard because 
°* its large proportion of cementite, but the " plate " or interior 
** the wheel is in the relatively ductile and safe state of gray cast 
^^^^n, in which much of the cementite is replaced by a mechanical 
'^'^ture of ferrite and graphite. 

As this process is actually practiced, the chilled wheels are 
'^itioved from their motilds when all but the very tread is siill 
^•i-hot. and are then transferred to a pit in which they are allowed 
■° Cool down very slowly. The tread, in this operation, is reheated 
■*>" the heat present in the body of the wheel when transferred to 
■*^^ anneahng pit. 

When very massive pieces of cast iron, such as large rolls, are 
-"lilitd, no special anneahng is required, because such castings, 
'•"On-i their very size and shape, cool with sufficient slowness 
trough VIII and the upper part of region IX to permit the 
**istenite to resolve itself into pearlite and cementite. The rate 
^* Cooling is fast enough to restrain the very slow graphite-fomi- 
"*g reaction (3) , but is it not so fast as to arrest the transformation 
•^f austenite into pearlite and cementite, reactions (11) and (8). 
227. Mancfacture of Malle.able Castings. — In the man- 
"^f^cture of malleable castings we use a white cast iron, i. c, one 
*"'ch in solidifying at the usual relatively rapid rate generates 
^^'thin itself only very little graphite. It thus contains an abnor- 
"lally great proportion of cementite. These white cast iron castings 
^'^ then " annealed " by heating them for days to a temperature 
probably in region VII (say 1000"), so that the graphite, which 
^'I'ouldhave separated in sufficiently slow freezing, lias a chance to 
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fomi ; aui\ wc rtniove part of ihis graphite by means of iron oxide 
in a bed of which these castings are heated. The reaction is of the 
following type ; 

Fe,0. H- C = CO 4- 3FeO. 

As the carbon at the very skin of the casting is thus removed. Iliat 
within diffuses outwards to take its place. We may suppose that the 
actual diffusion is of tlie carbon in the solid-solution or austenile 
state; that this diffusion and the change of its carbon from the 
dissolved to the free or graphitic state occur side by side ; and that 
it is this free graphite which is directly attacked by the iron oxide. 

We may regard these castings as in effect a variety of gray 
cast iron, but with the special advantage over the common gray 
iron that the particles in which the graphite forms when the 
metal is thus reheated into region \'II are extremely fine, anil 
therefore much less inj urious. less weakening and less embrittling ^ 
than the coarse flakes of graphite which fonn in regions II and IIKL , 
in the freezing of the molten metal. The graphite generated in tt*,« 
solid metal in region VII has no opportunity of coalescing infc.-o 
flakes, as that does which is generated in the passage from tkr»e 
molten to the solid state; it remains as an impalpable powder. 

Besides being less injurious, this finely divided graphite ^ 
also susceptible of being removed in considerable part. espcci»t My 
from tlie very outside of the casting, by surface oxidation, whw=^ 
is not ihe case with the coarse graphite flakes of common gi^^ 
cast iron. ^_ 

We may call this finely divided graphite " temper graphite* 
a modification of Ledebur's name " temper carbon." 

These castings are relatively cheap like cast iron, not ^ 
much because the cost of conversion into steel is avoided, — inde^^ 
for this conversion has to be substituted the long annealing pro*^*^ 
by which the cementitc is changed into temper graphite : — ^ . 
because the lower melting-point of the metal as a whole gre**' 
lessens the foundry expenses. At the same time these casti"! 
avoid the weakness and brittleness of white cast iron due 'o * ■ 
great proportion of cementite, and they avoid the weakness * 
brittleness which the large size of the graphite flakes in coniH'»' 
gray cast iron causes. 
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CHAPTER X.— THE PHASE RULE 



228. In General. — What is the Phase Rule? What is it 
about, and why is it of importance to metallurgists? The answer 
lo these questions will be made easier by refreshing our memory 
'111 certain elementarv matters. 

We have seen that, just as crystalline rocks are composed of 
perfectly definite and distinct mineralogical entities called min- 
erals, such as the mica, quartz and feldspar of a granite, so our 
' alioj-s when solid are in general composed of similar definite en- 
'ities, which correspond to the minerals of our crj'Stalline rock. 
These entities, these minerals in one case and quasi -minerals in the 
'^''her, are called " Phases," a term which will be more closely 
''^filled later. The phase rule has to do with these phases. 

We have further seen that these microscopic constituents actu- 
present in an alloy may or may not be those which should 
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"f^rtnally be present at the existing temperature. For instance 
*^ have seen that the constituenls normal to slowly cooled steel 
^■"^ ferrile and cementite, partly free, partly mechanically mixed 
^^ the quasi -eutectic conglomerate called pearlite. We have fur- 
ther seen that, if the steel is cooled suddenly from above the 
^'"'tical range, instead of consisting when cold of these normal 
•^oisiiinents. it actually consists chiefly of austenite. The aus- 
teniie is not normal at this temperature; it exists normally only at 
^^^rnperatures in and above the critical range; but it may be pre- 
^^rved by sudden cooh'ng ; when so preserved it is abnormal, and in 
'"'s sense the suddenly cooled steel is not in molecular equilibrium. 
The phase rule is one which by superior analysis, and almost 

y inspection, helps us to answer such questions as ( i ) whether 
"1 any given alloy the constituents actually present are those which 
°^"8ht normally to be present, {. c, whether the alloy is in molecular 
'■'^Uilibrtum in this sense; and (2) for any given transformation 
'^^ change of state, what are the normal constituents which ought 

^ result, I. e., which correspond to equilibrium in this sense; and 

'■^) many other related questions. 

This it does essentially through telling us the " degree of 

^'Qcr^ " of Uie alloy regarded as a system, 1. e., whether the ex- 
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isling constitution of the alloy has such a degree of stability tl 
it can survive a change of temperature or of concentration, or cs 
not. Roughly speaking we may say that we find out what t 
" degree of liberty " is by comparing ( 1 ) the number of differe 
" components " or " constituents," such as free metals (and met; 
loids if any), present in any given alloy and also certain oth 
entities, with (2) the nunijer of " phases," i. e.. the number 
distinct, and as it were niineralogical entities or distinct " mint 
als," or quasi-minerals, present in it. 

For instance, pure carbon steel contains two components, ir 
and carbon. If hardened by sudden cooling it may be taken pro' 
sionally to consist of three distinct " minerals " or phases, l! 
austcnite which has been in large part preserved by the suddi 
cooling, unstable in the cold, tending to change back to ferri 
and cementite; {2) a little ferrite and (3) a little cementite. bo 
formed by the transformation of a little of the austenite in spi 
of the suddenness of the cooling. As a whole the molecular eqi 
librium is unstable ; there is a residual tendency, and a powerf 
one though held in check, for the rest of the austenite to chanj 
back to ferrite and cementite. Here are two components, but tho 
components are present in three distinct phases or conditions. 

The ferrite and cementite of slowly cooled steel, on il 
other hand, are normal for the existing temperature and represe: 
stable equilibrium. On slightly reheating slowly cooled steel, 1. 1 
annealed steel, its " system " undergoes no change, i. e., it reinaii 
composed of ferrite and cementite. Here as before are two e! 
ments, iron and carbon, but these components exist in only tw 
phases or conditions, ferrite and cementite. 

The constitution or " system " of annealed steel, then, is ev 
dently more stable than that of hardened steel, since it is w 
changed by this slight reheating, this change of condition; or' 
other words it can without itself changing survive this change* 
environing condition. In the language of the phase rule the fonrn 
sj'stem has a greater " degree of liberty " than the latter. All '^ 
will be defined more precisely later. 

Now we know it as a fact that the former system is more stah 
than the latter; but if it so happened that we were in ignoratt' 
of this, the phase rule would instruct us, without our having 
make a direct experiment. And whereas we do happen to kno*" 
in the familiar case of steel, in many other like cases we should » 
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Iniow by direct experiment which of such two states was the more 
stable, and indeed we might not know anything about the stability, 
absolute or relative, of the two systems. Here, too, the phase rule 
would stand us in like stead. 

. in the comparison between suddenly and slowly cooled steel, 
"le phase rule bases its finding on the comparison between the 
numbers ( i ) two components but in three phases in the former, 
and (a) still two components but in only two phases in the latter. 
^is too will be explained more fully be\'ond. 

229. The Value of the Phase Rule to the metallurgist is 
™>efly as a guide for interpreting phenomena and planning investi- 
S'Ttions. Wlien the investigator has before him a set of facts the 
'■'^pknation of which is not clear, lie may on one hand proceed in 
'g^orance, frame many conceivable theories by which these par- 
'"^ular facts can be reconciled, and then proceed to test these dif- 
'^t"ent theories. The phase rule on the other hand may enable him 
'*> test them, and reject many or perhaps all of them immediately, 
''>' inspection and without making direct experiments ; or it may 
'"^mediately point out to him crucial tests which will enable him 
'" <3ecide quickly between two different theories. 

Its present importance for students of alloys lies less in the 
I'^esent than in the prospective results of its application to this 
*'*t>ject, in view of the present very active efforts of many in- 
^'^stigators to apply it. This activity is so great that it would be 
'"at-^lly proper, even in a fragmentary work like the present, to pass 
"'^ phase rule by without an attempt to outluie its meaning. 

Let us now look into certain of these matters a little farther, 
^^t>«cially into the conditions of equilibrium and the temii- 
"'^Itjgy of the phase rule, before taking up that remarkable 
■^le itself. 

230. Meaning oi'' Equelidrium. — We have seen that, al- 
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*^iagh most aqueous solutions and most molten alloys are simply 



'"^c^eneous solutions, e. g., of one metal in another, of carbon 
'" iron, elc, when they freeze they often split up into different 
"'stinct entities, such as (i) sohd-solutions (silver in gold), or 
^^) pure metals (assumed to be true for lead and tin), or (3) 
l"^*"* metalloids (graphite in cast iron), or (4) definite chemical 
'^'**npounds (chloride of sodium, antimonide of copper, aluminide 
^'^ gold). We have further seen that these molecular rearrange- 
'"^nts take place not only in selective freezing, but also, as in case 
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of the iron-carbon compounds, through transformations in the sol i »1 
but red-hot plastic mass. The molecular rearrangements of bo*-l» 
classes, but more especially the sluggish transformations in It^^e 
solid metal, often remain very far from complete when the met-^*! 
has completely cooled, (i) because cooling at any common ra*ic 
may not give the time which their completion requires, ar**) 
(2) because, thanks to the slowness of diffusion, two constituents 
which would react on each other were they in actual contact, ra^y 
be isolated from each otiier by a third constituent. Were there su f - 
ficient time for diffusion, these two constituents thus isolal^rrf 
would reach each other, react, and bring the system to molecular 
eciuilibrium. Once the metal is cold, what we may call molecul^ir 
rigidity or molecular viscosity prevents these transformations; the 
cold like' a brake, as it were, locks the atoms in their existing co"- 
dilion, abnormal for this range of temperature and in ihat sense 
unstable, striving to change to the molecular grouping normal 
at the existing temperature, but restrained by this molecular 
rigidity. 

Thus even in relatively slowly cooled alloys equilibrium in*? 
be very imperfect, solid solutions remaining far supersaturate 
(§ 9^' P- "3)' ^ff' transformations being restrained. Of cou*"^ 
rapid cooling, as in the hardening of steel (§ 198, p. 221), shot** 
leave the system still farther from equilibrium, so that there ^^ 
strong residual unsatisfied tendencies to molecular regroupi*'^' 
rearrangement, transformation. 

If there are such unsatisfied tendencies pressing to ass^ 
themselves, such strained and eager springs, then on even sli^ 
reheating and consequent relaxation of the brake of molecu*^ 
rigidity, the tendencies which have been resisted by the sud*i 
cooling now reassert themselves, the restrained trans format »*'*' 
go on, the atoms whose slu^ishness held them in the wrong p^- 
now repent and return, and a certain degree of regrouping ta^^ 
place. 

231. An Example of Unstable Equilibrium. — Let *** 
tempering of hardened steel illustrate this. This has already t»^^ 
discussed at length in § 204, p. 230. to which the reader is referr^*^' 
To recapitulate the matter, above the critical range A, to A^, *** 
metal spontaneously assumes the condition of austenite norf^ 
to that upper range; if it is cooled slowly below that critical ra"^ 
it changes spontaneously to the condition of ferrite and cemeiitit^ 
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ll to this lower range of temperature.* If the steel is cooled 
(f from above the critical range to the room leniperatnre, the 
; from austenite to ferrite and ceiiientite is in large part 
td, so that most of the metal remains in the condition of aus- 
!ven in the cold, although this condition is not normal to this 
trange of temperature. This is the hardening of steel, 
7 this hardened steel is now slightly reheated, even if this 
Oig carries it only up to 66" C, part of the unstable abnormal 
Btc changes towards the condition of ferrite and cementite: 
Be hardening is sbghtly mitigated, let down, or tempered; 
■ transformation which has been restrained by the rapid 
[ now takes place to such degree as the slight reheating and 
^t molecular relaxation which the reheating induces, permit, 
ote particularly that the relaxation of the brake by such re- 
[ is very slight, so that only a fraction of the restrained 
mation occurs on such reheating. 
) take up again the simile offered in § 206, p. 231 there 
tbent spring of the restrained transformation still striving 

1)lete itself, but restrained by the brake of the low tempera- 
plied by the sudden cooling before the transformation had , 
complete itself. Relax the brake slightly by slight re- 
, and the spring can now begin to straighten itself; but 
very beginning of its own straightening, the spring loses 
on of its tension, and this tension quickly falls to a point 
b the present diminished grip of the brake suffices to master 
at the spring moves no farther ; equilibrium between spring 
ike is reestablished, the restrained transformation goes no 
Reheat it still farther, 1. c, relax the brake still more, the 
further straightens itself correspondingly, its tension fall- 
Irrespondingly until it again becomes so light that the present 
In of the brake again restrains it, and the transformation is 
farrested. 

ach is the state of affairs in a cold alloy if, regarded as a 
, it is unstable. 

. Osmond recognizes distinct siages of the transformation from 

I ferrite and cementite and back, and calls metal in these 

roosliie and sorbite. Witliout qiieElioning the merits of this classi- 

B may here, for simpHciiy, treat of the transformation as if it 

from anstenjte into pearlite and back. ("Contribution a 

t AUiages," 1901, p. 3?o.) 
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232. Stable Equilibrium. — If, on the other hand, the ss^ 
eral tendencies towards molecular regrouping, towards transfonr» 
tion, have during slow cooling been fitlly complied with, so tl» 
the molecular constitution is normal for the existing tempcratut" 
and thus in stable equilibrium ; then if the alloy or other system 
is reheated, no regrouping or transformation takes place, for tft 
simple reason that there is no residual unfulfilled tendency towar«: 
regrouping. 

233. Behavior on Reheating a Criterion of St.\bility. — 
This, then, is one criterion of stable equilibrium; if such equilil 
rium exists, reheating does not change the constitution; if ncs 
it does. Conversely, if the constitution is changed by reheatin-j 
it was not in equilibrium; if it is not changed by reheating, it wa 
in equilibrium. 

This criterion must, of course, be applied with discretion ar» 
knowledge. For instance, if hardened steel is reheated to 320°, s 
that a certain degree of tempering, of cliange of austenite towar«d 
ferrite and cementite occurs, thanks to the increased molecular r* 
laxation at this temperature ; if it is then cooled to the room-ter*^ 
perature, and then again heated to 230°, no further change wi 
take place. Bnt yet we kno*v that the metal is still chiefly eoa^ 
posed of austenite, 1, c, that the equilibrium is still unstable. Tl* 
fact that reheating to a temperature lower than that to which tk 
quickly cooled metal has previously been reheated, induces iw 
further change of constitution, is no evidence of stable equi 
libriuni. 

Conversely if steel is cooled so slowly that the trans formatioi 
from austenite into pearlite with ferrite or cementite become 
complete, so that the cold meta! is in stable molecular eqtiilibriun 
ne\^rtheJess its constitution will begin changing back to austenil 
when we reheat it to a critical temperature such as Ac, (approj 
imately PSP' in Fig. 68). But this is no evidence tliat the sj-stei 
is unstable, as the least reflection shows. Water at 80' is stabl 
a stable system if we may call a single substance a system; th 
fact that if heated tn 100° or cooled to 0° it ceases to be stable an 
is transformed into steam or ice, is no evidence to the contrar 
When we say that it is stable, we refer to stability within the rang 
of temperature in which the existing temperature lies. This rang 
of temperature is bounded by critical points, for instance 0° an 
100° in case of water. The range may be narrow or it may \ 
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wide, and the existing temperature maybe near or far from one or 
both boundaries of the range. 

Thus if we are asking whether an existing system, as repre- 
sented by some given alloy, is the system normal to the existing 
lemperaturc and therefore in equilibrium, and if we seek to answer 
this question by noting whether on reheating that system under- 
goes change or not, — if we ask and seek thus, then the reheating 
''^"hich we perform (ij must be to a temperature higher than any 
^^'hich the alloy has reached since it entered its present range ; and 
(2) it must not reach any critical temperature. 

234. Reversibility and L.ag. — This leads us to the subject 
of reversibihtj-. 

The changes of state which occur during cooling are naturally 
l^cvcrsed during a subsequent heating; and the same is true of 
™e transformations unaccompanied by change of state which occur 
cooling. For instance, if steam at atmospheric pressure is 
^ogressively cooled, it first condenses into water at 100°, and then 
''a water freezes into ice at 0° : if we now raise the temperature, 
/l>s ice will again melt at 0°, and the resultant water will change 
"*tci steam at 100°. The changes of state in cooling are exactly 
''^Versed in heating, and they are reversed habiiiially at the very 
'^Tiperatures at which they occurred in cooling; freezing 
^"^tl melting both occur at 0°, boiling and condensation both 



If we have steel of exactly 0.90 per cent of carbon and cool 
" from say 900°, on reaching a temperature of about 690° it 
•^f^a-nges from its initial condition of austenite into ferrite and 
'^^'^entite. If. after this transformation is complete, we reheat 
'h^ steel, it changes back into austenite. But the temperature, Ar„ 
^* "which this transformation occurs in cooling is considerably 
lo\^-p[. ,j,3j, j^^^ jjjp temperature at which it is reversed in heating; 



'"^ transformation is reversed, but at a higher temperature. The 
'^*^t that there is such a difference of temperature is a clear indica- 
*"-*»! that the transformation in cooling did not occur promptly on 
"■^aching the theoretical temperature at which it should begin, and 
that something of the nature of surfusion took place during cool- 
This inaccuracy of the reversing, then, is a first indication 
*t during cooling the transformation lagged, and that during 
' time of lag the metal was in an abnormal state, one not of 
fl^iiibrium. 




J 
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Xow if llie chang;es which normally ought to occur in cooli*^S 
actually do occur, so that the cooled alloy is in molecular equili^^ 
rium, then they are reversed on reheating. If, however, the tc^c» 
deiicies towards any given change are not fully complied with dim. ^*'— 
ing cooling, so that the cold alloy is not in molecular equiUbriur" 
then the changes which occur on reheating are not the exact r- 
vcrse of those which occurred in cooling. 

We have steel containuig 0.90 per cent of carbon; it has be^^-n 
cooled slowly ; it consists of ferrite and cenientitc. We heat it pi ^3t 
Ac, and it changes into auslenite; we cool it below Ar, and it 
tends to change back to ferrite and cementite. There is thus tt"»e 
tendency on rising past the transformation-point to change fro'^m 
the normal low-temperature state { ferrite and cementite ) . to lt"»« 
normal high -temperature state (austenite) ; which change we m^v 
for brevity call the Low -to- High-Temperature- Slate Change, ^^i^ 
the L-to-H change. Conversely, on cooling past the transforma- 
tion-point there is the tendency to change from the normal hif^r 
temperature state of austenite to the norma! low-temperature sl**^ 
of ferrite and cementite, or for brevity the H-to-L change. 

235. H.ARDEMED StEEL ILLUSTRATES IRREVERSIBILITY. — SWT" 

pose that this steel is above the transformation-point Aci, a^T* 
therefore is austenite ; suppose we cool it so quickly that, of ^'■^'^ 
H-to-L change which tends to occur as soon as the teniperatu*' 
sinks below Ar,, only a first instalment, only 10 per cent actu* 7 
does occur, before the temperature has sunk too low to permit ^'^ 
ihange to proceed farther. Only 10 per cent of this change '^T 
occurred ; the remainder, the complement. 90 per cent, is suppres*^^ 
i. €., is arrested, but is still trying to occur. It is ihe spring 
Fig. 71 restrained by the brake of low temperature. 

We next relax the brake slightly by reheating to 230" a.* 
tempering (so that a straw-colored film of oxide forms), an** 
second instalment of this suppressed complement, say a secontJ 
per cent, now occurs ; so that all told 20 per cent of the H-t*^*" 
transformation has no^w occurred, and the complement, 80 per <^^^| 
of it, still remains restrained by the brake. We then reheat ^** 
farther as in tempering at 300", so that the film of oxide on *^ 
steel turns blue, and we thereby relax the brake farther; ther^*^ 
a third instalment say an additional 15 per cent, of this H-t"', 
transformation occurs ; so that now altogether 35 per cent oi * 
has occurred. There is still a suppressed or restrained comp'^^ 
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merit of 65 per cent striving to occur, but still prevented by the 
reinaining grip of ihe brake. We next reheat stiU farther say to 
600" , and we thereby remove tlie brakt; apparently completely, so 
that the 65 per cent complement which at 300° remained restrained. 
now occurs, and so that the whole of the H-to-L cliangc takes 
place. The metal is annealed. 

If, however, we fiHaUy carry the temperature a little higher, 
"P above the transformation-point Ac,, the metal now changes 
"Otn ferrite and cementiie into austenite, in short the L-to-H 
change occurs. 

Here, then, our actual transformations are as follows; 

(1) in sudden cooling thardenitig) from above Ar,, only 10 
P^*" cent of the H-to-L transformation occurs, and 90 per cent 
■*' it is restrained or suppressed. {10 per cent of the austenite 
changes into ferrite and cementite ; the complement, 90 per cent, 
'■^^mains as austenite) , 

(2) in reheating, 

(A) the remaining 90 per cent of the H-to-L change occurs as 
*'e reach first 230° (tempering straw), then 300" (tempering 
'*'Uej, and finally 600" (annealing). (The rest of the austenite 
changes into ferrite and cementite, so that at 600° the austenite has 
"'sappeared and the whole mass has changed into ferrite and 
cementite). 

(B) when the tanperature rises above Ac, the whole of the 
L-- to-H transformation takes place (all the ferrite and all the 
c^nieiitite change back into austenite), 

Or in short, in cooling, 10 per cent of the H-to-L trausfor- 

►'^^Eion; in reheating 
I (A) 90 per cent of the H-to-L transformation, followed later 

r (B) by 100 per cent of the L-to-H transformation. 

The transformations which here occur in heating clearly arc 
vei-y fgj. f^Qjj, jjjg exact reverse of those which occurred in cooling. 
236, Why iRREVERsiniLiTY Implies Absence of Equilib- 
tJii_ — The reasons have really made themselves clear in this 
T^rnple. If cooling is too rapid to permit the H-to-L transfomia- 
."^"^ to perfect itself, then the transformations which actually occur 
^Uch cooling are but an initial instalment of the nonnal ones, the 
. '^plement of that instalment being suppressed by molecular 
^*3ity. Now in order that the transformations which occur on 
"eating such rapidly cooled material should be the reverse of 
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tliose which have occurred in such a cooling. Uiey should coa^* 
in simply reversing this initial instalmenL But instead of tt»* " 
what first occurs on reheating is the remainder, i. e., suppres^^^^ 
complement of the H-to-L transformation, because heating relaj^^^^ 
the molecular rigidity which had suppressed or restrained that cor'*'' 
pjement ; and when the heating eventually reaches the transfont* ^~ 
tion temperature, it is not an instalment but the whole of the H-to — ^^ 
transformation which is now reversed, the initial lo per cent insl^ *' 
ment plus the suppressed complement. 

CoiUd the healing leap absolutely instantaneously back to il"»^ 
transformation temperature without consuming any lime, at th^»' 
temperature it would be only the initial instalment of H-to-^^^ 
transformation which would be reversed, so that in this case tl^* 
transformation in reheating would be the exact equivalent of ih^*' 
which occurred in the sudden cooling, or in other words ihei""* 
would be complete reversibilit>', although the suddenly cooled stems' 
was certainly not in equilibrium. But such an instantaneous rist^ 
can never occur; it is indeed hardly thinkable; this rise from tta-< 
cold to the transformation temperature must occupy a finite tim^e, 
no matter how brief. Our heating must traverse the range b^^ 
tween the room temperature and ibat transformation temperatur-^K, 
and what takes place in that range is the suppressed compleine^^^' 
of the H-io-L transformation, and not simply a fraction of ifc-W 
reverse or L-to-H transformation. 

Thus one criterion of whether the transformations normal '*' 
cooling have been completed, i, c, of whether the cold alloy is U*- * 
slate of molecular equilibrium, is that the series of transformation* 
which it has undergone in cooling are exactly reversed in heati*^*' 
or in short are rez'crsiblc. 

Thus, to say that the condition or molecular constitution of ^ 
alloy or other system reached through cooling is in moled-** . 
stability, and to say that the transformations through wbic^'»- 
has passed are reversible, are synonymous. To say that * 
transformation temperatures during heating (i. e., during *"' 
of temperature), are higher than those during cooling is 
say that there is lag and a period of molecular instability- 
say that the transformation temperatures in healing and cool • 
are identical is to say that there is no such lag, and that the tr*-*' 
formations in both heating and cooling occur promptly on reach- * *'* 
their normal temperature. 
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Tenainology of the Phase Rule 

I s^y. Component and Phase. — The meaning of these two 
fds must be clearly grasped. Let me attempt to define them, 
d to explain them by means of examples. 

In the terminology of the phase rule, the " components " of an 
oy or other system are the free elements and those compounds 
hich in the nature of the case are undecomposable under the con- 
tions contemplated, and so play the part of elements; those 
Viich enter directly into the equilibrium of tlie system. The com- 
^nents are the uncombined elements and compounds equivalent 
* elements in this sense, Lead and tin (elements^, are the com- 
ments of a lead-tin alloy, iron and carbon (elements), are those 
f steel, chloride of sodium and water (chemical compounds), 
'"'^ those of a salt-water solution. 

The components may pass from one physical state (solid, 
luid or gaseous) to another (water boils or freezes), and they may 
'tnbine with each other and dissolve in each other in various 
9ys, two components merging in each other in the form of a 
'lution or compound (iron and carbon uniting to form cementite 

austenite), or emerging thence into the free state (cementite 
'litling up into graphite and iron) ; and when they so merge, 
cli of the compounds or solutions thereby formed tends to he- 
me homogeneous: it must become homogeneous before equilib- 
>ni can exist. Ever\- snch homogeneous compoimd or solution 
d every free element is a phase; and each of them is a distinct 
d different phase for every different physical state. Phases tlicn 
- ■■ the homogeneous states, whether of freedom, solution, or 
rnbination, and whether solid, liquid or gaseous, into which the 
rnponents present pass or group themselves." The components 
? the entities in play, the entities of which we are studying the 
Bprocal behavior ; the phases are the states, physical and chemical, 
Kftich these components exist, and into which they pass. 
If The usual definitions are, for phase " a mass chemically and 
>>'sically homogeneous or a mass of uniform concentration, the 
Jmber of phases in a system being the number of different homo- 
s masses, or the number of masses of different coiicentra- 
»:"* and for components "the substances of independently 

The Phase Rule," p. i. 1897. 
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variable concentration in the phase or system under cons 
tion,"* These definitions seem very exact; they may not, 
ever, convey a very clear idea to an unwilling mind ; good as teflSi 
but not as explanations. 

238. Examples of Component and Phase, A. The Compo- 
nents are Elements. — Applying this to our metals and alloys, 
molten tin consists of a single component, tin. and a single phase. 
molten tin. If it cools to the freezing-point and begins ireering. 
different parts of the metal are simultaneously in two diffewirt 
phases, ( i ) molten tin and (2 ) solid tin ; these are the two phase* 
of the single component, tin. There is, strictly speaking, a Ihird 
phase, the vapor of tin and usually the atmospheric oxygen an3 
nitrogen: but we may simplify our whole discussion by ignoring 
the vapor in all cases, and suiting our formulas to this intentiooil 
omission. 

In any lead-tin alloy (§ 48, p. 62*. there are two components, 
lead and tin; if such an alloy of eutectic ratio is molten, and 
if the tin and lead are assumed to be wholly soluble in each otlW' 
so thai the solution is homogeneous, there is one phase, this solu" 
lion; when it begins to solidify and break up into the eutectic oi 
plates of tin interstratified with those of lead, three phases 4^' 
present. ( i ) the molten alloy, a molten solution and therefore a siw 
gle as it were mineralogical entity, (2) the plates of solid 1b»** 
and (3) the plates of solid tin. 

In a lead-zinc alloy ("§ 98, p. 117"), there are two component* 
these two metals. If a molten lead-zinc alloy is in such propo'^ 
tions that the two are not completely soluble in each other, b**' 
exist side by side as an emulsion, a mechanical mixture of tW* 
saturated solutions, (i) lead saturated with zinc, and (2) zi*** 
saturated with lead, there are two phases, I'/i:., these two saturatco 
solutions. 

Again, in a pure steel consisting solely of iron and cailjon, 
these two unchanging permanent elements are the two component*' 
while the transient decomposable compound, cementite, and the 
equally transient solution, austenite. are phases, and so are t^ 
gaseous, molten and solid states. As the temperature rises p** 
the critical or transformation range, past the melting-point, p**^ 
the boiling-point, past the dissociation-point, and then descei' 
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in, these Iwo unchanging components, iron and carbon, enter 

reciprocal play. They start as two phases free iron, ferrite, 

d iron carbide, cementite ; on passing the critical range they pass 

jm these phases into the solid-solution phase of austenite ; when 

to the melting-point the austenite phase shifts into the phase 

ilten carburized iron (molten austenite, may. we call it?). 

'Teaching the boiling*point this phase shifts (let us assume for 

of example), to that of gaseous carburized iron; at the still 

igher dissociation-point this phase (let us again assume) shifts 

ito that of free gaseous iron and free carbon. On recombining. 

^condensing, refreezing and ret ran s format! on, these phases are 

assed through in the reverse order. Ferrite and cementite, solid 

tistenite, molten austenite (?), gaseous austenite (?). gaseous 

'■pe iron and free carbon, these, let us assume, are the successive 

''ases (some of them hypothetical), through which the unchang- 

ig" components, iron and carbon, pass. 

■ Here is a value of this word phase; it keeps us in face with 
fact that we are regarding these systems as the resultants of 
change from some other system ; we regard a solid granite 
resulting from state of fusion or at least front metamorphosis ; 
regard the constitution of a solid alloy habitually as resulting 
B the solidification of that alloy from its prior molten state. 
e§2.p.2.) 

239 E. Examples in which the Components are Chemi- 
Compounds. — We have thus far considered systems of which 
components are elements ; let us go a step farther and consider 
in which the components are chemical compounds, playing 
part of elements in that they are undecomposable under the 
litions assumed, 

A salt-water solution is frozen, and this ice is again melted; 
the two components chloride of sodium and water start in the 
« or condition of liquid solution ; they then in freezing pass 
the phases of solid chloride of sodium and solid water or ice ; 
temelting they pass back into the phase of liquid solution. Here 
phases are three (i) the liquid salt-water solution, (2) solid 
, and (3) ice. But what are the components? Manifestly the 
ler and the salt; it is they that, each remaining undeconiposed, 
Vs back and forth between these different phases, quite as the 
^Combined elements tin and lead, lead and zinc, and iron and 
in, did in the cases which we have been studying. In the pres- 
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ent case it is dearly not the chlorine, the sodiinii, the hydrogen a"** 
the oxygen which are to be regarded as components. They do 0°' 
directly enter into play : each is initially combined with anothc 
element, the chlorine with the sodium, and it is no longer free to 
act as chlorine ; you can neither smell nor taste it. It is not directly 
between these elements, but between the water and salt that equi- 
librium exists ; we are studying not the reciprocal behavior of these 
elements but of these compounds. Therefore tliese compountJs, 
salt and water, are the components. 

Or, to look al it in the language of the usual definition, tli^ 
salt and water are " of independently variable concentration in the 
phase or system under consideration " in that we can vary the cof*' 
centration of cither of these independently of the other. We can 
add or remove water (by evaporation), and so shift the degree of 
concentration; but we cannot remove chlorine without removiOfi 
the sodium with which it is combined, nor can we remove hydrog^^ 
without removing th« oxygen with which it is combined. No or»* 
of these four elements can he removed from the system or addc;° 
to it independentlv of the element with which it is combined, wlll^' 
out changing the system into a wholly new and different one. t^' 
remove some of ihe sodium would change the system Into ; 
component one, consisting of water, salt, and the free chlorii 
left by the removal of that sodium. 

Again, in a typical granite composed of muscovite {potash- 
mica, quartz, orthoclase (potash) feldspar, we have (i) 
three phases, each of these minerals being a phase, an^" 
(2) three components, silica, alumina and potash. It is tni- 
that there are four elements, silicon, aluminium, potassiiii 
and oxygen present, assuming that each of our minerals ii 
quite pure. But for purposes of equihbrium we need not con- 
sider the number of elements; it is quite sufficient that, ignoring"^ 
them, we concentrate our attention on the number of phases and 
of components, because in the nature of the case, in melting and 
refreezing our granite, in passing back and forth through different 
ranges of temperature, though these three components, these 
three oxides, may group themselves together in different ways, 
no one of them would be decomposed; as far as equilibrium is 
concerned they might as well be elements. 

Again, when hydrated cupric sulphate is dissolved in water, 
then again crystallized out, then dehydrated, then again rehy 
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draieti and redissolved, the two unchanging entities are anhydrous 
cupric sulphate and water ; it is these two that are the components ; 
it is they that play back and forth through the phases of anliydrous 
salt, solid hydrated salt, and solution of different degrees of con- 
centration. It is true that there are three chemical elements, 
copper, sulphur and oxygen ; but this is beside the mark, for 
neither the cupric sulphate nor the water is liable to be decom- 
posed through the changes of temperature contemplated. No one 
of these three elements enters directly and by itself into any reac- 
"on or change of state or of concentration, or into the equilibrium 
of the system ; nor can either be varied independently of the 
others. That is to say, we cannot remove from the system part 
of its oxygen without simultaneously removing either the hydro- 
gen or the copper and sulphur with which that oxygen is com- 
Wned. 

240. Allotropic Modifications are Distinct Phases. — 
'^gain, ever^- distinct aliotropic form of an element is a distinct 
phase. If graphite, diamond and amorphous carbon coexisted, 
"ley would constitute three distinct phases, because a mixture of 
"■Afferent allotropic forms, and indeed of crystals of different 
'■^rnis, cannot be called " cheniically and physically homogene- 



241. Composite Eutectics are not Phases. — Although 
<i steel of o.i>o per cent of carbon, when slowly cooled, consists 
!ely of peariite, nevertheless it consists of two phases, i'l:;., the 

rite and cementite of which that peariite is composed. As 
rlite is not a mineralogical but a lithological entity, not homo- 
neous but Iieterogeneous. not a single substance but a mechan- 
'fal mixture of two, it is not a phase at all, for mechanical mixing 
"P does not constitute a phase. So although hypo-Kolic steel 
'•'hen slowlv cooled consists of peariite plus ferrite, it contains 
^Iv two phases, ferrite and cementite; for the fact that part of 
'his ferrite is mechanically intermixed with the whole of the 
•^^rncntite in the form of peariite does not affect the number of 
phases present. 

242. HoMOGENEOUSNESS OF PHASES. — It lias been said that 
*^cry phase must be homogeneous; let us look at this matter 

'rther. Oil floating on water, or mixed up with the water as 

onulsion typifies a di-phase system. A homogeneous solution 

O' Salt in water is a mono-phase system. But how about a hcter- 
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ogeneous solution, cither liquid, molten or solid"' Is it a pb^.*^' 
or if not, what is it? 

We mav answer this in two ways. First the phase r"" 
bears upon the question of equilibrium; but it is perfectly evid'^'^* 
that no system can be in equilibrium which contains a helereogene- 
ous solution, because tliere must exist in that solution an unf^'' 
filled Icndency to diffuse so as to efface that lieterogeneousnes*- 
Thus it is not necessary to resort to the phase rule to decide as *^ 
the equilibrium of such a system. 

Second, in a heterog:eneous solution there are in a sense a" 
infinite number of phases, because every different degree of con- 
centration represents a different phase. But, as wc shall see. '* 
we insist upon applying the phase nde to such a system, that njl* 
shows it to be unstable. 

243. Physical Actions. — In a broad discussion of t|J»s 
subject it would be necessary to consider Variations in both ier«^' 
pcrature and pressure. For our present purpose the whole di*" 
cussion may be simplified by considering the pressure as constar**' 
and the temperature alone as changing, and this will be done ■" 
the remainder of this chapter. 

244. Independently Varying Conditions. — In considc-*' 
ing the equilibrium of a system, and the influence of changes *^ 
conditions on that equilibrium, there are two of these varyii-^ C 
conditions which we must have in mind: varying teniperatiu 
and varying degree of concentration of any solutions which ai 
present, whether those solutions are solid on one hand, or liqui 
or molten on the other hand. 

245. ARItlTR.\RV AND CONFORMABLE VARIATIONS IN CoND: 

TioN, — Let us recognize tliat, when temperature and concentrs 
lion vary, they may vary conformably with each other, or arbitral 
ily. I. e., without regard to each other. 

For example, in a beaker stands a solution of salt in watea 
at 20°. and just saturated for that temperature. We cool the inas 
to 10", and the solution thereby becomes supersaturated, becau^^^ 
the water has less solvent power for salt at 10° than at 26" 
cordingly the excess of salt crystallizes out, and a new equilibriui ^ 
is thereby reached. But this has destroyed the mono-phase s\S^ 
tem, salt solution, and substituted for it a di-phase system, sa " 
solution plus solid salt. This variation in temperature was arb^^*' 
trary ; there was nothing done to compensate for it. 
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Suppose, however, that when we cooled the mass to 10° we 
liad simultaneously poured in enough pure water, also at 10°, 10 
iliKne the liquor to the saturation -point for 10° ; no salt would have 
i^O'staJIized out in this case, because we varied the second variable, 
concern rati on, conformably with ihe first, temperature. The sys- 
tem has survived the simultaneous changes in the two variables. 
Jfi Ihe first case the variation of temperature was arbitrary; but 
ii the second instead of an arbitrary variation we had conformable 
'aviations of the two variables. 

But if on cooling to 10° we had poured in half the quantity 
of water which we have Just supposed, salt would still have crys- 
tallized out. because this smaller quantity of water would not suf- 
fice to prevent the supersaturation which the cooling tends to 
cause; in this case the variations in the two variables would be 
srbitraf}' instead of conformable. 

246. Degree of Liberty. The Phase Rule. — By the 
'legree of liberty of a system we indicate whether that system can, 
without breaking up and becoming converted into some other sys- 
tem, survive an arbilrarj- variation in one of these two variables at 
■1 lime, temperature and concentration : or in both of them simul- 
laneously ; or in neither of them. We are purposely ignoring varia- 
'">i!s in pressure, and also ignoring the vapor present, lo simplify 
'W discussion. 

The degree of liberty is measured by the terms invariant or 
nonvariant, monovariant and divariant. 

An invariant or nonvariant system is one which cannot survive 
3 change either of temperature or concentration (i. e., of either of 
'""'variable conditions), but breaks up and passes into some other 
system if either is changed : and this breaking up, due to a change 
"f either of these conditions, cannot be prevented by any con- 
I'tnnable change in the other condition. 

■^. monovariant system is one which can survive a change 
0' cither temperature or concentration if acctMnpanied by 
the conformable change in the other, but cannot survive 
simultaneous arbitrary changes in l)Oth temperature and concen- 
'ration. 

■^ divariant system is one which can survive simultaneous 
afhuran- changes in both temperature and concentration. 

The degree of liberty of a nonvariant system is O, that of a 
monovariant system i. and of a divariant system 2. 
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We learn the degree of liberty of any given system, or iii otiicr 
words we learn whether it is nonvariant, monovariant or dii 
by the formula* 

L = M + I — r, 
in which 

( o for a nonvariant system 

L :^ the degree of liberty •, i for a monovariant 

( 2 for a divariant system 

n ^ the number of components present, and 

r — the number of phases present. 

This formula is llie phase rule. 

A cold alloy if nonvariant is clearly unstable, since heating 
breaks it up; a cold monovariant alloy, on the other hand, is 
stable; and our stable alloys are characteristically of this type, 
though they pass through an nonvariant stage in freezing. 

247. Examples to test the Phase Rule. — Some exam- 
ples which we will now take up will serve both to explain and to test 
the phase rule. Let us in each case first find what degree of 
liberty the phase rule assigns to the system under consideration; 
1. e., whether the phase rule shows it to be nonvariant, mono- 
variant or divariant; and if for instance the phase rule shows it 

•This formula for the phase rule is based upon our purposely ignor- 
ing not only the gaseous phase always present, but also the variations in 
pressure. In a more general discussion these ought to be taken into ac- 
count ; and in that case the formula becomes 
L -H+fi - r, 
in which ^^the number of so-called physical actions, temperature and 
pressure. Here, as before, i. is o for a nonvariant, i for a monov arilifci. 
and 2 for a divariant system; or, as is sometimes said: 

a nonvariant ay stem hi 

a monovariant " 

a divariant " ' 

tn any given case the formula given in this footnote, and that given 
above in the text, lead 10 ihe same result. Thus, a mixture of ii 
water is nonvariant by either formula ; that it is nonvariant by tlie formab 
of the test Z. = M -fi — r is shown in 5 249; that it is also r 
the wider formula of this footnote is easily seen. The number of con- 
stituents is I, water; the number of phas 

i.e., the vapor of water floating above the mixed ice and water; 
number of physical actions is 2, temperature and pressure. H«ic^ 




ABLE 14. — Condensed Statement of the Examples Taken 
to Test the Phase Rule, §§ 247, to 254, inclusive. 
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(4) austenite 
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to be monovariant, let us next examine the conditions of the ^^ 
to see whether, judged from these, it really seems to be mc^ 
variant. Let us in short test the truth of the phase rule b)"" 
examination of several different systems. 

For ease of reference, the elements, phases, components ^^^^^^ 
degree of liberty of each of these cases are put together in or- 
densed form in Table 14. 

248. Tin in the Act of Freezing, say at the stage rep^ ^^^^ 
sented by the point C in Fig. 14, p. 35. Here molten tin and 
tin are both present, and each of them is a distinct phase; so -^C-Jie 
eciuation becomes 

Degree of Liberty = number of constituents -\- i — number 
of phases. 

L = I ' + I — 2 = 

so that the system is nonvariant. 

Let us test this nonvariance. First, no change in composit 
is possible, since the chemical composition of the two phases ^ 
the same; the diffusion from one phase, the molten tin, into 
other phase, solid tin, would leave the composition pure tin, i 
unaltered. Looking at it in another way, any change in compel 
tion would be a change from this system to another system; if cJ^^ 
substance added dissolved in the tin, the system would be n^'**^* 
because a solid solution would be substituted for a pure met^-* ^ 
if it did not dissolve but remained apart, it would form an ad^i*' 
tional distinct and sejxirate pliase, and thus change the sysi 
from a di- to a tri-phase one. 

The only change jx^ssible then is one in temperature. If 
heat the system, some oi the solid tin will melt, and the tem 
ture will remain constant until the whole of the solid tin is melte^ 
and dnrini:: this constancy of temperature the s\*stein will 
main unchanged, since a change in the proportions of the 
iiittVroiu members of a system is not reckoned a change in 
system : the phase rule is qualitative. But before we can actually 
raise the temjx'rature aK^ve the melting-jx^int, the whole of 
solivl tin must melt. j. <\. any actual ele\-ation of t 
breaks up the system by completely remo\*ing one of its 
soliv! tin. tuniinir it from a di-phase into a mono-phase svstem. 

In !:ke ma'.^.ner if heat is abstractevi. «*. ^.. by setting i 
acains: the vessel which cv^ntains the freezing: tin. the 
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remain constant until the molten part of the tin has all 
fcen, )'. e., no change in temperatnre will occur until the system 
s lip by the complete removal of one of its phases, the molten 
and so changes from a di-phase into a mono-phase system. In 
»n. ilie system breaks up whenever the single variable condi- 
:», temperature, varies. It is therefore nonvariant; so that ttie 
ise rule proves to be true in this case. 

I 249. Water in the Act of Freezing in like manner con- 
Bs one constituent un decomposable under our conditions, in two 
pses, water and ice ; so that L :^ r + i — 2^0, i. c, the sys- 
B is nonvariant, exactly as in the last case. No change in tem- 
[5tt.Iure can occur until either the whole of the ice or the whole 
the water has been eliminated by changing into the other 
*se (all the ice melting and becoming water or all the water 
ezing and becoming ice), the system thereby changing from 
ptiase into mono-phase. The phase rule thus proves to be true 
9)is case also. 

' 250. Salt Water above the Freezing-point. — There are 
p constituents, salt and water; there is one phase, a liquid solu- 
i; /,=^2 + i — 1^2, the system is divariant. Now let us 
t this divariance. 

Let us assume that the degree of concentration of the solution 
I the temperature are jointly represented by point D, Fig. 27. 
S8. Clearly the liquid solution will remain a liquid solution, 1. c, 

* System will remain mono-phase and unchanged if we lower the 
"^perature arbitrarily to / without any change in composition, 
£"-, by packing ice around the vessel which contains the solution ; 
, if without changing the temperature we change the composi- 
Ip to /' by pouring in water ; or if we simultaneously both dilute 
m cool the solution and bring its temperature and composition 
'/". In short, the system remains mono-phase, 1. e., it is not 
oken up, even if both variable conditions, temperature and de- 
"*e of concentration, are varied arbitrarily and each without 
fcrence to the simultaneous variation in the other. The system 
iperefore divariant. 

m 251. Salt-ice. — Assuming for simplicity as before that salt 
M frozen water are absolutely insoluble in each other, the salt 

* Say of composition and temperature c is a conglomerate of ( i ) 
•"^ excess of pure ice above the eutectic ratio of 76.4 per cent 
S&tcr, 23.6 per cent salt and (2) the eutectic of interstratified 
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pure salt and pure ice. Here then are two constitufnts (saltario 
water), and two phases, (i) pure ice and (2) pure »It- 
L ^^ 2 + I — 2=1, the system is monovariant. As before l*^* 
us test this monovariance. 

Here we need not enquire as to whether the system cov\" 
survive a change in concentration simply because such chai^* 
is untliinkable, on our present assumption tiiat solid salt and »c* 
are reciprocally absolutely insoluble. Hence the only variati'^ 
to be considered is temperature. Clearly if the conglomerate " 
crystals of ice and other cn,'stals of salt are heated (provided *^ 
course that tlie temperature does not reach the meUing-point of r»* 
eutectic). no change will occur. The system is not split up on 1*** 
dergoing this variation, i. e., it is monovariant. 

What has been said of salt-water and salt-ice clearly appi *^ 
to a molten and a solid lead-tin alloy. 

252. Le.'^d-tin Alloy in the .'Vct of SELEcrrvE Freezi^s"* 
— To fix our ideas let us consider an alloy which, taken a» 
whole, contains 45 per cent of tin and 55 of lead: and let "•-^ 
suppose that, starting at 350° (point G, Fig. 24, p. 54). it 1»^ 
cooled to 212° (point L'), so that in cooling from H to Z' selecti "^^ 
freezing has been taking place. 

In the freezing which has thus far occurred, crystals of t*"^ 
excess of lead have been born from the mother-metal, which h 
thereby been enriched in tin, until its composition at this insta- 
is M', or 56 per cent tin and 44 of lead, since at even,- instai 
during this selective freezing the composition of the mother-met 
is normally that for which the existing temperature is the free 
ing-point. 

Here are two constituents, lead and tin, two phases, s^^^^ j 
lead and a molten solution containing 56 per cent of tin dissolv^^^ 
in 44 per cent of lead. The equation is L:= 2 -^- i — 2^ ^ 
The system is monovariant. Let us test its monovariance. 

The composition of the solid lead cannot vary, since (ve liaw-^* 
for simplicity assumed that lead and tin are reciprocally complete^'?" 
insoluble; but the concentration of the molten solution of tin ^-^ 
lead can vary. 

First let us see what happens if the temperature is lowere^^ 
12° to point A^'. A little more lead will freeze out. the mothe'^^" 
meta! wilt be enriched up to 60 per cent tin (point Q), but ll"^**^ 
phases will be the same as before, !iolid lead and a mcdten solutic^''' 
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0' tin in lead; ihe system in short has not been broken up, for 
the change in concentration of a solution is not to be reckoned 
.as a. change in the system as such. In that the solution has this 
new degree of concentration it might indeed be called a new 
phase : but it is for our purpose the equivalent of the old one which 
it replaces. 

But how about this same change in concentration ; have not 
■""o conditions really varied, both temperature and composition, 
M'ithout breaking up the system: and is not the system therefore 
<liv-anant in spite of the phase rule? Certainly not, for the change 
*hicli has taken place in composition is simply that conformable 
""th or corresponding to the change in temperature, and is not 
^1 arbitrary change. There has thus been but one arbitrary 
change. 

Indeed it is this spontaneous shifting of concentration which 
lias kept the system from breaking up and changing from (i) 
^olitl lead plus (3) molten solution of tin in lead, into the system 
(i ^ solid lead plus (2) solid tin, as we see on the slightest con- 
^''Oeration. For, if by any device it could have been possible to 
prevent the change of concentration, so that when the temperature 
'"*^ached zoo" the mother-metal still contained as it did at 212°, 
5^ per cent of tin and 44 of lead, that mother-metal would have 
'■"ozen. since the temperature, 200°. is 12° below the freezing- 
Point (212°) of such an alloy. A failure of the composition to 
shift conformably with the temperature would in effect be an 
^rbiirary variation of tlie composition. 

Thus far we have considered changes of temperature, and we 
have found the system monovariant, failing to break up if the 
^'^'^perature is changed, provided of course that the concentration 
shifts conformably, but breaking up if concentration does not so 
^'"'ft, i.e., in effect shifts arbitrarily. Let us next take up the 
P^'"allel case of changes in concentration. 

Let us as before start with the system at 212", consisting, 
'"^I'efore, of solid lead and a molten mother-metal of compogition 
'"'> with 56 per cent of tin and 44 of lead. Let us suppose that 
'"^ shift the concentration of the molten mothcr-mctal from M' 
^ -S", e. g., by pouring into it enough of a molten alloy, also at 
^^^^, and containing 70 per cent of tin and 30 of lead. If we 
^'friultaneously make the conformable change in tcniiMfalure, i, *,, 
■j^ '^■ve simultaneously lower the temperature from S lo Q. from 
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212® to 200'', by external cooling, the system will remain u 
changed ; this is in fact what we did in the last case. But wlu-^t 
will happen if we fail to change the temperature, and artifidaLHy 
change the concentration of the mother-metal by pouring it o ^^ 
and substituting another lot of molten metal at 212® ? 

Such molten metal at this temperature manifestly could nci^t 
have more than the 44 per cent of lead contained in the mothe^i^' 
metal just poured off, because the existing temperature, 212 ' 
is below the melting-point of any lead-tin alloy with more tb»-^ 
44 per cent of lead. So if any alloy with more than 44 per cent o* 
lead were added, it would have to be solid, and being solid woul^ 
consist of plates of lead interst ratified with plates of tin; ^^ 
that the system as a whole would be ( i ) solid lead, including th^* 
formed in the original cooling to 212° plus that in the alloy nO^ 
added; plus (2) solid tin. This resultant system would be ^ 
wholly different one from what we are aiming to create, vi^" 
(i) solid lead plus (2) a molten solution of less than 56 per 
of tin in more than 44 per cent of lead. 

As it is thus impossible to shift the concentration of 
molten phase in the direction of greater richness in lead, let 
try shiftiuf^ it in the opposite direction of greater richness in ti 
and let us supix:)se that we do this by pouring off our pres^ 
44 per cent niothcr-metal and substituting for it a new lot 
molten alloy of composition R, 65 per cent tin. It is evident tl»--^^ 
our solid lead would immediately begin melting and entering th»^ ^^ 
molten metal and would continue melting because, so long as tX^^ 
reent ranee of the lead into it did not reduce its percentage of t: '•^ 
below ^(^ per cent, the molten metal would remain molten. \^^^ 
have seen (§ ji. p. 26"), that this is the general condition whi^^*^ 
determines whether a solid metal shall melt and enter into a mc^^' 
ten metal with which it is in contact. If the alloy which its c^^* 
trance^ into that molten metal would form would be so fusible tl»^^ 
it would remain molten at the existing temperature, the solid met:-^! 
would so molt and enter the molten one. 

But sup]x>se we now try again, and pour off this new molt^" 
metal, and add a third lot oi molten alloy of 65 per cent of t"»^ 
and 35 load, like the last : this will in the same way dissol'^'^ 
more of our lead, and will keep dissolving it until the tin-conte^it 
of the niohon part shall have fallen to 56 per cent. So our steps 
to keop in contact with our solid lead at this temperature, a molt^^ 
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1 with more than 56 per cent of tin, do not at first succeed; 
ciifestly no matter how many times we replace the molten 
:al with new, its tin-content will always sink down to 56 per 
t by taking up some of the originally solid lead, until the 
:>le of the solid lead shaJl thus have been melted away ; in short 
il our system shall have been broken up by the vanishing of 

of its members, the solid lead. 

Clearly the same result would follow if, instead of pouring 
our mother-metal and replacing it by a new lot, we were to 
ich it in tin, at constant temperature, by pouring into it a lot 
nolten alloy containing say 80 per cent tin and 20 per cent lead, 
ially at this same temperature 212°. 

In short, the system cannot survive a shifting of the degree 
Concentration of the molten metal, unless it is accompanied by 
onformable shifting of the temperature; for such shifting in 
direction of greater richness in lead leads to a new di-phase 
:em, solid lead plus solid tin, while in the direction of greater 
iness in tin it leads to a new and mono-phase system, molten 
itton of tin in lead. This result is wholly in accordance with 
phase rule, since a shifting of concentration unaccompanied 
the corresponding shifting of temperature is in effect an arbi- 
■y shifting of both concentration and temperature, which, as 
phase rule teaches, a monovariant system cannot survive. 

Thus in every respect our system satisfies our tests of its 
no variance. 

253. The Same Lead-tin Alloy (Composition G), at the 
sezing-point of the eutectic, say at /, fig. 24. — let us 
pose that the whole of the excess of lead has frozen out. so that 
mother-metal has been enriched to its eutectic ratio, B, of 69 

cent tin, 31 per cent lead; and that part of this eutectic 
ther-metal has frozen, while part still remains unfrozen. 

The phases will be ( i ) solid lead, including (A ) the excess 
T the eutectic ratio, frozen out between H and /, and (B) the 
tes of lead contained in the already frozen part of the eutectic; 
s (2) solid tin. in the frozen part of the eutectic; plus (3) a 
lien solution of tin in lead, the still imfrozcn part of the eutectic 
*her-metal. Three phases, and as before two constituents, lead 

^e equation Ijecomes Z. = 2 + i — 3=0, i.e., the system 
invariant. Let us as before test this nonvariance. 
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The possible variations are {i) rise and (2) fall of icm- 
perature; (3) enrichment and (4) impoverishment in tin ol 
the still molten mother-metal. Let us test these variations sepa- 
rately; if the system is truly nonvariant, any one of them shooW 
break it up. 

(i) Rise of temperature. If we apply heat, the now fro^w 
part of the eutectic will begin to melt, and the temperature *'" 
remain constant until the whole of it has melted ; then only **'' 
the temperature begin to rise. But this complete melting ' 
the eutectic will remove the whole of our solid tin. In sV**^^ 
a rise of temperature can occur only after the system J^^ 
broken up through the elimination of this second ph^-*' 
solid tin; or in other words the system cannot survive a rise " 
temperature. 

(2) Fall of temperature. In like manner, if we abstract h'^^ 
by external cooling, the still molten part of the eutectic moth-^^' 
metal will begin freezing, and the temperature will remain cc^^' 
stant until the whole of it has frozen. 1, e.. until the molten ph^^** 
of the system lias been eliminated ; only then will the temperati^^" 
fall below its initial point of 180". In short, a fall of temperatu. -^^ 
can occur only after the system has broken up through the elir^^^^' 
ination of its third phase, molten solution of tin in lead ; or in oth^ 
words the system cannot survive a fall of temperature. 

We saw that in the range of selective freezing, at L', Fig, ^^^ 
(as distinguished from the present eutectic freezing), either a ri^^^ 
or fall of temperature could be survived provided that the cott"^*' 
centration of the molten phase shifted correspondingly. Her^^ 
however, the system could not be saved by any such device, fo*^^-^ 
any rise of temperature would remelt the now solid part of th- ^"^ 
eutectic, thus eliminating our second phase, solid tin, no matte ^^^^ 
what the composition of the adjacent molten phase. Furthei — *" " ' 
any fall of temperature would eliminate our third phase, th^ ' 
molten solution or mother-metal, no matter what its composition 
because no lead-tin alloy can remain molten below our initial -* 
temperature of 180°, for it is the freezing-point of the mos»"- 
fusible lead-tin alloy. Thus any fall of temperature must sub — 
stitute a solid lead-tin alloy for our molten phase; but this wouldff- 
break up our system, changing it from a tri-phase to a di-phasc^^^ 
one, consisting of (i) solid lead and (2) solid tin. since every ""^ 
solid lead-tin alloy must be a mixture of plates of lead and * 
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Bier plates of tin, thanks to the assumed complete insolubility 
f these two metals in each other when solid. 

Here again, no shifting of concentration can enable our 
/stem to survive any change of temperature, for any rise of 
anperature must eliminate the solid tin phase, and any fall of 
;mperature the molten solution phase. 

(3) Enrichment and (4) impoverishment of the molten 
lother-metal in tin. As the temperature is now by assumption 
t the freezing-point of the eutectic, and as this is the most 
jsible lead-tin alloy, the temperature is below the freezing- 
oint of every other lead-tin alloy. Consequently it would be 
npossible to substitute for this molten phase any other molten 
Hoy cither richer or poorer in tin, because no such other alloy 
3uld be molten at this temperature. Any alloy either richer 
r poorer thus substituted would at this temperature be solid; 
lid because solid it would be a mechanical mixture of plates of 
ilid lead and other plates of solid tin, these two metais having 
Een assumed for simplicity to be absolutely insoluble in each 
Jier when solid. But our system would then be (i) solid lead, 
icluding both (A) the excess of lead over the eutectic ratio 
■ozen out between H and /, and (B) the solid lead in the new 
jlid alloy now added; plus (2) the solid tin in this newly added 
Joy. In short it would be a new and di-phase system, instead of 
jr original tri-phase system, for the third of our original phases, 
le molten solution of tin in lead, would have been eliminated. 
1 short our system cannot survive either enrichment or impov- 
-jshmcnt of the molten phase in tin. 

We have thus found that the system cannot survive any of 
le four possible changes in temperature or concentration; so 
lat it satisfies all our tests of its complete nonvariance. 

254. The Irok-cartiox Compounds. — To take a simple 
rries of cases, let us select steel containing 0.50 per cent of 
irbon, Sli^ of Fig. 68 at six different temperatures. 1600° .S", 
ioo". 1300° 5'. 720° S", 6fX)° /i'" and 0° /l^ representing (i) the 
lolten condition, (2) the state of selective freezing, (3) the 
iistenite state, (4I the separation of ferrite just above the 
;calescence, {5) the recalescence, and (6) the common or 
wm-temperature state. This latter case we will subdivide 
ito two, those of (A) hardened (suddenly cooled) and (B) ' 
nhardened (slowly cooled) steel respectively. 
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There will in every case be two constituents, cart>*-'^ 
and iron; the system will be nonvariant if there are th* 
phases, monovariant if there are two. divariant if there is o***' 

(i) At 1600° S, there is one phase, molten carburized irc^^*' 
the system is divariant. 

(2) At 1500° during selective freezing, there are U^^^^ 
phases, molten carburized iron and solid austenite. The systP^:^^'^'^^ 
is monovariant. 

(3) At 1300° 5", there is only one phase, austenite. 1 
system is divariant 

{4) At 720° 5" there are two phases, (l) the free iron whicT^^^ 
has already separated out within the plastic redhot mass as ferrit 
between A"' and 5"'; and (2) the residual austenite from whii 
II nas separated, and within which it is still enclosed. The systi 
is monovariant. 

(5) At 690° li", the recalescence, there are three phast 
ferrite and cementite (partly interstratified in the form of peai 
lite), which have already resulted from the decomposition of tl 
austenite, and the residual austenite which has not yet spli 
up into ferrite and cementite. The system is nonvariant. ^ 

(6--J) At the rooni-tefnperature, A", if the decomposition o ■^ 
the austenite has been complete, so that only pearlite with ferrite 
as the excess substance remains, there are only two phases, fer- 
rite and cementite; the system is monovariant; it is in eqnilib— - " 
rium; it is not affected by reheating, e. g.. to 300°. 

(6B) At the room -temperature, /i", if the steel has beer"'^^ 
hardened by a cooling so sudden that part of the austenite has failec=^ 
to decompose into ferrite and cementite, then there are thre^^^ 
phases, this residual austenite plus such ferrite and cementit^^^ 
as have resulted from such decomposition of austenite as has oc" " 
curred in spite of the suddenness of the cooling. The systei^^ 
is nonvariant ; it is not in equilibrium ; when reheated to 200° as i"^*' 
tempering more of the austenite changes into ferrite an-« 
cementite. 

The reasoning already given in §§ 248 to 253, pp. 302 to ^o^^- 
suffice; to explain these several cases. 

255. The Phase Rule Applies only to Systems Properl-^ 
So Called, — The unthinking might be puzzled by trying to at*" 
ply the phase rule to cases to which it is manifestly inapplicab*-*^' 
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to cases which are not systems at all in the sense of the phase 
rule. 

Thus some might reason as follows : " I place a lump of 
^^'^I^J sulphur upon a lump of cold iron. Two components, sul- 
Phur and iron; two phases, sulphur and iron. Degree of Ub- 
^rt.v — ti4-i — r^rz+i — 2^1; hence this is a monovariant 
®>^stem; hence if sulphur and iron are heated they will not react 
•Jf^cin each other according to the phase rule. But I happen to 
**^i<:>w that they will react; hence the phase rule is wrong and mis- 
^eacJing." 

The answer is that such a mass is not a system at all. The 
^^^Iphur and iron are not phases into which some prior system has 
Passed. Let the case of the ferrite and cementite illustrate this. 
**' hile these substances in slowly cooled steel, resulting from the 
^^Composition of the austenite of which the steel consisted when 
*' "Was above the transformation temperature, form a system, 
^^l^Jch is di-phase; yet if we were to isolate certain particles of 
*^is pure cementite and certain other particles of pure ferrile 
^'"'*"-I shal;e them up together while cold, this would not constitute 
^ System. The phase rule has nothing to say of such a mass. 

Thus if it were true that when molten iron sulphide cooled 
'* '"esolved itself into separate particles of free sulphur and free 
','"'^n, then we should justly infer that the system was monovariant, 
'■ ^. that the sulphur and iron would not recombine on heating. 
256. The Phase Rule in one Aspect is Qualitative, not 
-^*Jj\NTiTATivE. — While it is true that the phase rule is quanti- 
tative as regards the number of components and phases, yet 
'^ has nothing to do with the quantity of any of those compo- 
*^nt5 or phases, and in this sense is qualitative. Let the 
^se of the lead-tin alloy during selective freezing (§ 252, 
P*' 304) illustrate this. When selective freezing has just begun, 
^"•>en the lead already frozen out amounts to say i per cent by 
^^"^'ght of the whole alloy, the two phases are : 

( ! ) solid lead, forming i per cent of the whole, 
(2) molten lead-tin alloy forming 99 per cent of the whole. 
f^s the freezing progresses, the solid lead forms a continuously 
increasing proportion of the whole, and the remaining molten 
"^^ther-metal a continuously decreasing percentage of the whole; 
- ^t the two remain always in equilibrium, and remain one and the 
l**me sj'stem. 
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Indeed, the least reflection shows that equilibrium — and it 
is with equilibrium that the phase rule has to do — is a purely qual- 
itative thing, and has no relation to quantity. Let a simple ex- 
ample verify this idea: 

In a large chamber F, G, H, K (Fig. 80) is placed a steam 
boiler B, with which are connected a mud-drum C and a steam- 
drum A, The boiler is filled with water to about level L, and, 
an escape valve being open from A into the open air, the tem- 
perature of F, G, H, K is raised to loo'' C (212^ F.). The water 
boils until all air is expelled. Then this exit valve is closed, so 
that the system A, B, C, is isolated from without, in short so that 
no steam can escape and no water can be fed in ; but the valves 




Fig. 80. Kquilibrium is not Quantitative but Qualitative. 



D and E are open, so that the boiler and its drums are in fr 
communication with each other. The temperature is raised to 
121.4° C. (250.5° F.), and the water in B evaporates until t 
pressure of steam (its vapor tension) in the upper part of ^ 
and in A reaches 2 atmospheres (29.5 pounds per square inch ^- 
At this pressure and temperature the steam and water are 0- 
equilibrium with each other. The further evaporation of wat^ 
is just balanced by the simultaneous condensation of steam, s 
that to the eye neither evaporation nor condensation appears t^ 
take place. 

Now this equilibrium has nothing to do with the quantit 
of water and steam, or with the proportion between the two, 
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readily seen. Assume that temperature and pressure remaining 
nstant, we close valve E ; manifestly this will not induce either 
rther evaporation or further condensation ; it will have no 
feet whatsoever. Suppose that now, holding this valve closed, 
i disconnect this mud-drum C and remove it altogether to the out- 
ie and destroy it. The quantity of water remaining in the system 
ill be only about one-third as great as originally, while the 
tiantity of steam remains unchanged ; the ratio between the quan- 
ty of water and of steam lias changed greatly, but this change 
IS not ill the least affected the equilibrium. 

The same would be true if, closing valve D, we had removed 
« steam in the steam-drum A from the system : and also if, hold- 
g the temperature and pressure constant, we had replaced and 
connected the steam or the mud-drum, or both of them, reopening 
her or both vah-es D and E. Thus we see that no matter 
lat change we bring about in the quantities of water and steam, 

change does not affect the equilibrium, provided that tem- 
tature and pressure remain constant. 



tAPTER XL — PROGRESS IN THE MANUFACTURE OF 
r IRON AND STEEL, BETWEEN 1880 AND 1900" 



257. Summary. — In the last twenty years of the nineteenth 

;ry the world's production of pig trou more than doubled, and 

of steel increased fivefold, while that of wrought iron became 

secondary importance. The United States passed from the 

sition of the second to that of by far the greatest producer of 

tVi pig iron and steel; their production of the former more than 

>led, becoming 54 per cent greater than that of Great Briiain, 

their production of steel increased, to more than eight times 

of 1880, becoming more than double that of Great Britain. 



•Most of this chapter appeared in igoi 35 the article on Iron and 
1 the suppiement to the Enryclofadia Brilannka published by the 
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56 per cent greater tlian that of Gennany and Luxemburg logetlier. 
and 38 per cent of the total for the whole world. In this period 
the basic open-hearth and basic Bessemer processes rose (rom 
mere beginnings to ^'ast importance, each of them now producing 
in these, the three great iron-making countries, about as niudi 
steel as the whole world made in 1880. Of the total production 
of steel in these three countries in 1899, some 43 per cent was made 
by the acid Bessemer process, 20 per cent by the basic Bessemer, 
16 per cent by the acid open-hearth, 18 per cent by the basic 
open-hearth — the process in which the greatest development is 
now to be expected — and only about i per cent by the crudhle 
and other minor processes. The production of wrought iron 
in the United States, which in 1880 was 67 per cent greater 
than that of steel, is now only about one-sixth that of steel. | 
and wrought iron has practically gone out of use for important 
objects like rails, and the beams, angles, and other chief part* 
of bridges and iron buildings, though it will probably long ^ 
used for special purposes for which great ease of welding ** 
special ductility is needed. 

Delicate methods of research have revealed the nature »* 
constitution of the several varieties of iron. This knowledge t"»-" 
contributed in no small degree to the important beginning whi* 
has been made in the use of rational methods of thermal tre^* 
ment, in which a great extension is to be expected, and it 1» , 
aided in the discovery and utilization of numerous " alloy 
steels. 

For armor plate not only has steel completely displac^^" 
wrought iron, but alloy steel, which has been specially and dr *' 
ferentially carburized, and has received a special heai-treatmei*- 
lias come into general nsc. Much the same is true of many olh^^ 
important objects for which the highest quality is needed : thus v— 
annor-piercing projectiles, and many important forgings fc 
engines, especially marine engines, are made of like material- . 

Throughout the manufacture of iron and steel those twentj^^ 
years witnessed great simplification, extension of the use a 
mechanical appliances, and, especially in die manufacture of th- 
relatively simple products, such as rails, wire, sheets, tubinf 
beams, etc.. a concentration of the industr)- into enormous establish- 



ments, operating on so large a scale as to warrant the 
powerful and costly labor-sa\'ing machineiy-, and the employ 
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^^fii many highly trained specialists to investigate and watch with 
the utmost care even the slightest details. In the last ten years 
of the 19th century alone the cost of labor in many important 
process was reduced by about one-half, without reducing the rate 
of wages. 

Processes for obtaining wrought iron and steel " direct " from 
the ore lost their immediate, though not wholly their prospective 
importance, and at the present time nearly all the ore which is 
mined is converted into pig iron in the iron blast-furnace. Chiefly 
by daring, and by the use of more powerful blowing-engines and 
hot-blast stoves, and of better arrangements for cooling and so 
protecting the lower part of the furnace, the production of the 
blast-furnace was increased, until the average production of a 
single Carnegie furnace to-day, some 200,000 tons per annum, 
is greater than that of all the United States furnaces in 183a, and 
ten times that of 1820, and is one-fourth that of the whole world 
in 1800. By using the waste gases of the blast-furnace in gas 
engines their importance as sources of power has been greatly 
increased, so that establishments in which tlie roUing-mills and 
other machinery adjoin the blast-furnaces, and therefore can be 
driven by such engines, will be given a new and often an 
irresistible advantage over their competitors. 

The use of great " mixers " to lessen the irregularities in the 
composition of the pig iron as it issues from the blast-furnace, 
enables the Bessemer process to be applied directly to that iron, 
without allowing it to solidify and thus to dissipate its heat; and 
*liis same procedure has come into wide use for the open-hearth 
process and has even been used tentatively for the puddling 
process. 

The capacity of a single Bessemer converter is now as much 
^s 2o tons, and that of the open-hearth furnace 70 tons, and 
°wing to the car-casting system and other improvements the pro- 
"Uction of a single pair of Bessemer converters has reached 65,872 
•^ns per month — a rate sixty times that of 1870, and more than 
'-*'J»- times that of 1880. In some Bessemer works not only is 
"^ iron never allowed to cool between its entry into the blast- 
. ^*"nace in the state of ore, and its tlelivery from the rolling-mill 
^ the form of rails or even of billets, but in this progress it under- 
^■^es no true heating by extraneous fuel, save in the blast-furnace 
*H, for the pig iron furnishes its own calorific power in the 
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Bessemer converter, and the only other furnace treatment, tlial 
of "soaking," merely equalizes the heat of the ingot, and jirevenU 
its escape witfiout adding to it. 

258. Alloy Steels have conie into extensive use for im- 
portant special purposes, and a vcrj- great increase of their use 
is to be expected. The chief ones are nickel steel, manganese steel, 
chrome steel, molybdenum steel, and tungsten steel. The gen- 
eral order of merit of a given variety or specimen of iron or steel 
may be measured by the degree to which it combines strength and 
hardness with ductility. These two classes of properties tend 10 
exclude eacli other, for, as a general rule, whatever tends to make 
iron and steel hard and strong, tends to make it correspondingly ) 
brittle, and hence liable to break treacherously, especially under J 
shock. Manganese steel and nickel steel fomi an important ex- 
ception to this rule, in being at once very strong and liard. and 
extremely ductile. 

259, Nickel Steel, which usually contains from 3 to 
3.50 per cent of nickel and about 0.25 per cent of carboo, 
combines very great tensile strength and hardness, and * 
very high limit of elasticity, with great ductility. Its coni- 
binatioii of ductility with strength and hardness lias given it very 
extended use for the armor of war-vessels. For instance, foliowiiS 
Krupp's formula, the side and barbette armor of war-vessels '* 
now generally if not universally made of nickel steel containu^ 
about 3.25 per cent of nickel, 0.25 per cent of carbon, and 1.50 p^ 
cent of chromium, and is deeply carburized on its impact face. He^' 
the merit of nickel steel is not so much that it resists perforatio*' 
as that it does not crack even when deeply penetrated by ' 
projectile. 

The combination of ductility, which lessens the tendency *-*^ 
break when overstrained or distorted, with a very high limit ^ 
elasticity, gives it great value for shafting, the merit of which * 
mensurcil by its endurance of the repeated stresses to which »* 
rotation exposes it whenever its alignment it not mathematical*^ 
straight. The alignment of marine shafting, changing with eve*^ 
passing wave, is an extreme example. Such an intermittent *■ 
applied stress is far more destructive to iron than a continuoa-^ 
one, and even if it is only half that of the limit of elasticity, i "•■ 
indefinite repetition eventually causes rupture. In a direct coi»^ 
paralive test the presence of 3.25 per cent of nickel increased near^ 
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1 the namber of rotations which 3 steel shaft would endure 

: breaking. 
I Kickcl steel has bt-en used tentatively for railroad rails ; but 

: it has die stiffness and resistance to wear which they re- 
.' raits have broken in use. We may hope that this 

iierousness will be prevented. 
V Figs. Si and 82 givelhe tensile strength and the ductihty of 

f specimens of nickel steel from \-arious sources, chiefly, how- 

, from M. Dumas' important monograph.' The curves here 

I are taken from his work (pp. 18 and 19). A rough re- 
inblance to the manganese steel curves (Figs. 83 and 84-1 may be 
aticed. The great increase of ductility in case of manganese steel 
I the 13 per cent manganese region, is reflected in case of nickel 
.eel by a like and very abrupt rise at about 25 per cent of nickel. 
Lgain, as the high-ductility region in case of manganese steel 
> also a region of high tensile strength, so is it also in case of 
lickel steel. 

260. Manganese Steel. — As actually made, manganese 
teel comains about 12 per cent of manganese and 1.50 per cent 
f carbon. .-Vlthough the presence of 1.50 per cent of manganese 
lakes steel brittle, and although a further addition at first increases 
lis brittleness, so that steel containing between 4 and 5.5 per cent 
*n be pulverized under the hammer, yet a still further increase 
'Ves very great ductility, accompanied by great hardness — a com- 
Qation of properties which, so far as I know, was not possessed 
^ny other known substance when this remarkable alloy, known 
Bladfield's manganese steel, was discovered. 
B Its ductility, to which it owes much of its value, is profoundly 
Hbted by the rate of cooling. Sudden cooling makes the metal 
B«mely ductile, and slow cooling makes it brittle : its behaviour 
Hlis respect is thus the opposite of that of carbon steel. Its great 
Bness, however, is not materially affected by the rate of cooling. 
Bit is used extensively for objects which require both hardness 
r ductility, such as rock-crushing machinery, railway crossings, 
"ie-car wheels, and safes. The burglar with his blow-pipc 
^aws the temper," 1. e.. softens a spot on a hardened carbon 
^1 or chrome steel safe by simply heating it. so that as soon as 
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it has again cooled he can drill through it and introduce his charge 
of dynamite. But neither this nor any other known procedure 
softens manganese steel. This very fact that when cold it is unal- 
terably hard has, however, limited its use, because of the p-eat 
difficulty of cutting it to shape, which has in general to be done 
with emery wheels instead of the usual iron-cutting tools, .■Vnother 
defect is its relatively low elastic limit. 

Fig. 83 shows the remarkable increase of tensile strength whid) 
occurs when the manganese rises from 7 to (3 per cent, and tlie 
decline of tensile strength as the manganese increases still farthet' 
By the contrast between the position of the crosses and the bla-:^ 
dots it shows also the remarkable effect of sudden cooling. 
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ganese steel or of brass elongates far more unifonnly iri\-er its whole 
lengtli. For some purposes this uniform stretch may be better, for 
others worse, than the necking and locaUzed stretch of carbon steel; 
suffice it here to point out that the two are different, and. therefore, 
not strictly comparable as a measure of ductility : and further that. 
thanks to the nearly uniform stretch of manganese steel over tlie 
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261. Chrome Steel, which usually contains about 2 per cent ^| 

chromium and 0,80 to 2 per cent of carbon, owes its value to ^H 
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this reason it is the material generally if not always used for armor- 
piercing projectiles. It is much used also for certain rock-cmshing 
machinery (the shoes and dies of stamp-mills), and for safe. 
These last are made of alternate layers, usually five in number, 
of chrome steel and wrought iron, welded together, and thm 
cooled suddenly so as to harden the chrome steel. The hardness 
of the hardened chrome steel resists the burglar's drill, and the 
ductility of the wrought iron the blows of his sledge. 

262. TuxGSTEN Stkel, whitjh usually contains from 5 to 10 (cPd 
sometimes even 24) per cent of tungsten and from 0.4 to 2 per 
cent of carbon, is used for magnets, because of its great retenlivi^', 
and for lathe and similar metal-cutting tools which are to cut off a 
ver)' thick slice at each stroke. The great friction, due to the thick- 
ness of the cut, heats the too! to a temperature at which the temper 
of common or " carbon " steel is drawn. The merit of tungsten 
steel is that, like manganese steel, it retains its extreme hardness. 
even after it has been heated to 400° C. (752° F.), Under ihe*^ 
conditions tlie Taylor and White variety retains its cutting po*'*' 
even when the friction is so great that the chips of metal cut *^ 
so hot as to glow visibiy, and even the edge of the tool itself gr*'* . 
red-hot. I have watched these tools at work very carefully, ^^ 
they certaiidy appeared to be red-hot at their cutting edge, w"*^ 
still cutting steel rapidly and efficiently. 

The normal composition of this Taylor-White steel is 
follows : p.^^ Culling Sofl Slee1 For Cunin ^g 

and Gray Cast Iron Hard St«^* 

Carbon, per cent 0.75 to 1.00 1.15 

Chromium, per cent ...... 3.00 > 

Tungsten, per cent 8.50 1 

The composition of many of the good self-hardening 
the present time lies between the following limits:* 



Carbon 0.4a to z.19 per 

Chromium 0.00 to 6.0a 

Tungsten 3.44 to J4.00 



I 



The present tendency appears to be in the direction of r 
placing the chromium of steels for high-speed cvittJng tools \ 
from 1.25 to 4 per cent of manganese. 
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^P 263. Molybdenum Steel. — Mcjlybdenum is now often used 
instead of tungsten, i per cent of the former replacing 2 per cent 
of the latter, so that the ratio between their effects appears to be 
that which their atomic weights wou!d lead us to expect. In other 
words, one molecule of molybdenum appears to have the same 
tffect as one molecule of tungsten. 

264. Deep C.ahbi'rizing; Harvey and Krupp Processes. — 
Much of the heavy side armor of war-vessels is made of nickel 
Beel initially containing so little carbon that it cannot be hardened, 
\.e., it remains very ductile even after sudden cooling. The im- 

t face of these plates is given the intense hardness needed, by 
King converted into high-carbon steel, and then hardened by 
Hidden cooling. Harvey carburized the impact face to a depth 
of about an inch by heating the plate for about a week to about 
1200° C. (2192° F.}, with that face strongly pressed against a 
»ed of charcoal. The Krupp process, a newer one, carburizes the 
Ripact face by exposing it at a high temperature to illuminating 
jas. This is decomposed by the heat, and deposits on the face of 
Hae plate a layer of fine carbon, which is absorbed by .the steel 
s in the cementation process. In either case the impact face thus 
carburized is cooled suddenly from a red heat, e. g., by spraying 
it with iced brine. An intensely hard impact surface results, the 
hardness decreasing gradually from this face inwards. Thanks 
to the glass -hardness of the face, the projectde is arrested so 
abruptly that it is shattered, and its energy is delivered piecemeal 
fby its fragments ; but as the face is integrally united with the un- 
Bliardened, ductile, and slightly yielding interior and back, ihe 
iplate, even if it is bent backwards somewhat by the blow, neither 
(cracks nor flakes. 

265. The General Scheme of Iron Manufacture is 
Lihown diagrammatically in Fig. 87. To explain, practically all 

flie iron ore mined is smelted in the iron blast-furnace, and its iron 
■is thereby converted into the crude form of pig iron or cast iron. 
■This cast iron may, following path i, be used in the arts in the 
¥iorm of castings of cast iron, or, following path 2, it may be 
•'converted into wrought iron or steel, which may be used in the 
, common form of rolled or hammered products, or in case of 

steel, in the form of steel castings. 

If path I is followed the castings may be either (A) gray, 

(B) chilled, or (C) malleable. The quantity of gray cast iron 
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castings used is incomparably greater than that of either chilled 
or malleable cast iron castings. 

(A) In making gray cast iron castings, the crude cast iron 
undergoes very little chemical change, indeed simply that incident 
to its remelting in the foundry for the purpose of casting it. 

(B) In making chilled cast iron castings though the ultimate 
composition of the cast iron is changed very little, special hardness 
is given by chilling, /. e., rapidly cooling the metal when it is 
poured into its moulds, and in many cases further metamorphic 
changes, i. c, changes in the microscopic constitution, are brought 
about by heat-treatment (annealing). 



»\vjrL 
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/Tis/?7c//^//7f ^ocesse^ ^ ^ 
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Fig. 87. The General vScheme of Iron Manufacture. 



(C) In making malleable cast iron castings the ultima 
composition of the metal is first changed somewhat by an oxidizin 
melting, which, however, leaves the metal still in the conditio 
of white cast iron, an exceedingly brittle substance. This is ca 
into the various forms in which the metal is to be used in th» 
arts, and these brittle castings are then made relatively stron 
and malleable by a long heating or '* annealing " process, whicl^- 
acts chiefly through inducing a metamorphic change, 1. e., a chang 
in the microscopic constitution, changing the condition of th 
carbon and iron from that of the glass-hard, brittle cementit 
Fe.fC, to that of soft ductile free iron or ferrite, intermingled wit 
very finely divided graphite. Moreover a small quantity of th 
carbon is removed bv surface oxidation. 
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If path 2 is followed the metal has to undergo a very great 
purification, and it is of this purification that its conversion into 
ivrought iron or steel really consists. 

To explain, the blast-furnace process by which the cast iron 
is made, is necessarily a highly carburizing one, so that the cast 
iron necessarily contains much carbon. Further, the iron ore 
usually contains much silica (SiOo), and some phosphoric acid 
in the form of apatite (3CaO, P2O5), together with more or less 
manganese in the form of manganic oxide (MnOj) and sulphur 
in the form of pyrites (FeSj). Now the blast-furnace pnocess 
is so very strongly deoxidizing that most of this phosphoric acid 
is deoxidized, as is much of the manganic oxide and some of the 
silica; and the unoxidized phosphorus, manganese and silicon 
which result unite witli the molten cast iron, because they are 
inoxidized. At the same time some of the sulphur initially present 
.s pyrites passes into the cast iron, which thus consists of metallic 
"CDn contaminated with these other elements, or impurities. 

The following reactions may serve as types of those by which 
ic deoxidation takes place in the blast-furnace: 

(15) SiOj -f 2C = Si + 2CO 

(16) RO, 4- SC = 2P + 5CO 

(17) MnOj -f 2C = Mn -f 2CO 

(18) Fe^Os + 3CO = 2Fe 4- 3CO2 

(19) FeO-fC = Fe-f CO 

The essential difference between cast iron on one hand and 
^^~ought iron and steel on the other, is that the former contains 
^>^ays much more carbon, usually more silicon, and often more 
^nganese, phosphorus and sulphur than are permissible in the 
"^"ter; and the essence of all the processes by which cast iron is 
^^^iverted into wrought iron or steel is the elimination of these 
^^*«ign elements. The difference between the two classes may be 
^V:istrated by the following case. 

Cast Iron for the Basic Basic 

Bessemer Process, Bessemer Steel, 

Per cent Per cent 

Carbon 3.50 o.io 

Silicon 1. 00 o.oi 

Manganese 1.80 0.50 

Phosphorus 1.80 0.07 

Sulphur 0.10 0.07 
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The carbon, silicon, phosphorus and manganese are elimi- 
nated by oxidizing them, and the same is tnie of sulphur to a cer- 
tain extent. The ultimate source of the oxygen may be either the 
atmospheric air as in the Bessemer process, or iron oxide such as 
native magnetite as in the puddling process, or both these jointly 
as in the open-heartli process. But even when atmospheric oxygen 
is used it appears that this acts rather indirectly than directly. 
That is to say, the atmospheric oxygen appears to act by oxidizing 
some of the iron itself to ferrous oxide. FeO, or by oxidizing fer- 
roHSt>xide to magnetic oxide (FeO to FcjO,) ; and the actual oxi- 
dation of the carbon and other foreign elements seems to be ef- 
fected by the means of the iron oxides thus formed rather than 
by (he means of the atmospheric oxygen directly. 

The reactions by which the oxidation' takes place are of the 
following types : 

(20) 2P +'5Fe,04 = P,Os + isFeO 

(21) Si + 2FeO — SiOj + 2Fe 

(22) C + FeO:=CO + Fe 
{23) Mn + Fe,Oj — MnO + 3FeO 

(24) S + 2FeO = SOa + 2Fe 

These reactions must be taken only as types. In case of e^'^ 
of these five foreign elements it is probable that the oxidation f*^? 
take place either through ferrous oxide (FeO). or magnetic OJ^^ 
(Fe.O.). 

Of the oxidized products of these reactions the oxides of C^' i 
bon and sulphur (carbonic oxide, CO, carbonic acid, CO,. 3^^.^J 
sulphurous acid, SO„) are volatile and immediately escape. T^"'^ -,,i, 
oxides of phosphorus, silicon and manganese (phosphoric ac ^^n- 
PmO,, sihca, SiO;, and maiiganous oxide, MnO) separate mecha^^^^^^l 
ically from the iron as oil separates from water, and coalesce wi ^ j^ 
any other oxidized substances present to form the slag, which gj 

an opaque, earthy, lava-Hke or \'itreous mass, chiefly a silicate <^ 
iron oxide, lime, magnesia, and alumina in very varying propo» 
tions, together with phosphoric acid under certain conditions. Thfe * 
slag, when molten, floats upon the molten metallic iron, because fc 
is relatively light, and the two therefore are very readily separate*^'^ 
mechanically. 

These purifying reactions are brought about (il in the pud ^ 
dling process by stirring iron oxide (in the fonn of a silicate ver"^^ 
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rich in ihat oxide) into the molten cast iron as it lies in a thin 
boiling layer on the hfiarth of a reverbcratory himace (Fig. 96, 
P' 345) ; (2) in the Bessemer process by blowing cold atmospheric 
air through the molten cast iron in a deep clay-lined or dolomite- 
lined retort called a converter, the rapidity of the oxidation itself 
raising the temperature rapidly: and (3) in the open-hearth 
process by exposing ihe molten cast iron in a tliin and very broad 
layer on the bottom of a reverberatory furnace to an overlying 
layer of slag containing iron oxide, and usually enriched in that 
oxide by throwing into it lumps of iron ore (Fig. 97, p. 348). In 
this last process, lit addition to this purification of the cast iron 
by these oxidizing reactions, its impurities arc in most cases also 
greatly diluted by adtling much relatively pure steel scrap. 

In the Bessemer and open-hearth processes the oxidation can- 
not readily be made thorough enough to remove just the desired 
quantity of the several impurities initially present, and yet both 
leave Just the quantity of carbon desired, and also leave the iron 
itself free from oxygen, a most hurtful element, but one easily 
removed. Hence the purifying or, as it is called,, the "fining" 
phase of each process is usually followed by ati extremely brief 
adjusting or " recarburizing " or " refining " phase, in which the 
composition is adjusted accurately, chiefly by adding carbon to 
give the desired percentage of that element, and manganese Imth 
to give the needed percentage of manganese and to remove from 
the iron any oxygen wliich it may have taken op. 
f In the crucible process a very small quantity of wrought iron 
V steel is remelted in a closed crucible and cast into ingots, or into 
P^tings. The desired percentage of carbon is given either (i) by 
previously carburizing the solid metal by very long heating in con- 
tact with charcoal ; or (2) by adding charcoal or a rich iron carbide 
(washed-metal) to the charge in the crucible itself. The crucible 
process is thus in effect a simple remelting process, with or without 
simultaneous carburizing. and is thus distinguished sharply from 
the puddling and Bessemer processes, which are essentially purify- 

processes. The open-hearth process may be conducted either 
;fly as a remelting process fpig and scrap) or as a purifying 

:ess (pig and ore), or it may combine both principles (pig and 
and ore). 

[65 A. Classification of Processes. — We may roughly 
the more important processes as follows: 
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1. The Extraction Processes, the blast- furnace, and tlis 
" direct processes " of makin|r steel or wrought iron direct from 
the ore ; these latter are unimportant to-day. 

2. The Conversion or PuRlF\^NG Processes, the Bessoner, 
open-hearth and puddling processes. The Bell-Kriipp process is 
one of arrested or incomplete purification. The purification eonsisO 
chiefly in removing by oxidation llie excess of carbon, silicon, 
phosphorus and manganese introduced in the blast-fdmace pro- 
cess, over that desired in the steel or wrought iron. 

3. The Adjusting Processes, adjusting the composition. 
These include the anburhing processes, cementation, case-harden- 
ing and the Harve\' and Krupp processes ; and the process of mak- 
ing malleable cast iron. 

4. The Shaping Processes. These include the mechanic^ 
processes, rolling, liammering. wire-drawing, etc.. and the rmelt- 
iiig processes, those of the iron foundry and the crucible process. 
The pig and scrap variety of the open-hearth process may. frO"" 
one point of view, be put here. 

Such classifications can rarely be complete or consistent. H** 
instance, while the crucible process as carried out in Great BriW^ 
is essentially a remelting process, as carried out in this country * 
is at once a remelting and an adjusting (carburizing) proc^ ' 
Nevertheless these classifications have their use. 



Extraction of Iron from its Ores 

266. The Blast-furnace Process. — To-day practically ' 

of the iron ore mined is smelted in the iron blast-furnace and th ^ 

converted into cast or pig iron ; and this is the case whether the 
sultant iron is to be used in the form of cast iron, or whether it::^^^ 
to be converted into one of the two other great commercial clas^^ ^ 
of iron, wrought iron and steel. It is true that there are ma -^^ ' 
direct processes, by which wrought iron or steel may be ma-^^ 
directly from the ore, without first converting it into cast iron, 1, 
without first putting into it more carbon and silicon than it nee^ 
in its finished form, and then taking them out at great expen - 
But these processes are to-day of little more than historical 
scientific interest. Whatever promise they may have had in rec^ 
decades has been killed by the great cheapening of the b!a^ 
furnace process. 
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B It is also true that a little ore is used in the puddling and open- 
Tiearth processes, and that a part of the iron of this ore is recovered. 
But the quantity of ore used for this purpose is trifling com- 
pared with that smelted in the blast-furnace. 

The blast-furnace has a very great advantage over the direct 
processes of extracting wrought iron or steel from the ore, in re- 
covering nearly the whole of the iron present, and in delivering 
both its products, the metal and the slag, in a molten state, in which 
they can be handled far more cheaply than if solid or pasty. It is 
not easy to see how either of these things can be accomplished by 
any direct process. The advantages of the blast-furnace are so 
great, that not only have the direct processes practically ceased to 
exist, but we can hardly see in what way ihey are to be revived, 
unless it be through some modification of the blast-furnace process 
itself, which shall bring the composition of its product nearer to 
that of steel, 1. e., shall give it less carbon and silicon than are 
present in cast iron as now made. 

The stumbling-block in the way of developing such a modifica- 
tion is the removal of sulphur, a most hurtful element of which 
most ores contain more than is permissible in tlie steel. The proc- 
esses for convening cast iron into steel can now remove phos- 
phonis easily, but the removal of sulphur in them is so difficult 
that it has to be accomplished for the most part in the blast-furnace 
process itself; and we do not see how the blast-furnace process 
can keep its desulphurizing power and yet cease to introduce much 
carbon and silicon into the pig iron. 

The cheapening which has taken place in the blast-furnace 
process has been in very large part through the introduction of 
mechanical appliances for handling the ore, flux, and fuel on one 
liand, and the products, the iron and slag, on the other; through 
better protection of the inner walls of the furnace by more effective 
■water cooling; and through a remarkable increase in the rate of 
production per furnace chiefly due to the use of extremely power- 
ful blowing engines and blast-heating stoves. But the latest great 
advance, the use in gas engines of the waste gases escaping from 
*he top of the furnace, is perhaps the most striking and important 
of all. We will now take these points up in series. 

267. The Handling of Raw Materials, — That any of the 
»-aw materials should be shovelled by hand is a thing no longer 
n to be considered in designing new works, at least in the United 
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States. The arrangement at the Carnegie Company's Duquesne 
works (Fig. 88) may seri-e as an example of modern nietliodsof 
handling. 

The standard-gauge cars which bring the ore and coke to 
Duquesne pass over one of three ver)' long rows of bins. A, B, and 
C (Fig. 88), of which A and B receive the materials (ore. ciAe, 
and limestone) for immediate use, while C receives those to be 
stored for winter use. From A and B the materials as tlie>- are 
needed are drawn into large buckets (Z?) standing on cars, which 
carry them to the foot of the hoist track EE, up which they are 
hoisted to the top of tlie furnace. Arrived here, the material is in- 
troduced into tlie furnace by an ingenious piece of mechanism 
without allowing any of the furnace gas to escape. The hoist- 
engineer in the house F at the foot of the furnace, when infonneo 
by means of an indicator that the bucket has arrived at the top. 
lowers it so that its flanges (GG, Fig. 89) rest on the correspot**" 
ing fixed flanges HH, as shown in Fig. 90. The further descent o 
the bucket being thus arrested, the special cable T is now slacker^^*^' 
so that the conical bottom of the bucket drops down, pressing (ic**"*' 
by its weight the counter-weighted false cover / of tlie furnace, 
that the contents of the bucket slide down into the space betw^^ _ 
this false cover and tlie true charging bell, K. The special ca*^ 
T is now tightened again, and lifts the bottom of the bucket so 
both to close it' and to close the space between / and K. by alio ^^j 
ing / to rise back to its initial place. The bucket then descew- 
along the hoist-track to make way for the next succeeding ot"^ 
and K is lowered, dropping the charge into the furnace. 

Thus some 1700 tons of materials are charged daily into eac* 
of these furnaces without being shovelled at all, numing by gra"^ 
ity from bin to bucket and from bucket to furnace, and beii* 
hoisted and charged into the furnace by a single engineer beloi — 
without any assistance or s\ipervision at the furnace top. 

The winter stock of materials is drawn from the left-har^ 
row of bins, and distributed over immense stock piles by means c^ 
the great crane LL (Fig. 88). which later transfers it as it 
needed to the row A of bins, whence it is carried to the furnai^ 
as already explained. 

26S. Handling the Molten Cast Iron. — A great savir 
of labor was effected by the introduction of " pig-breaking " in»— - 
chines. A whole row or litter of pigs with its sow was lift- 
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from its niuulds by a travelling crane, and placed on rollers wliicli 
progressively fed it forward, one pig at a time, under a hydraulic 
press with three plungers, of which one broke off the sow between 
a given pig and its neighbor, and two others broke the pig iiself 
into three pieces, which slid down into a car beneath. The iron is 
handled sliil more cheaply by the Uehling tiije of casting machine 
(Fig. 91 ), which consists essentially of a series of thin steel mouWs 
BB, carried by endless chains past the lip of a great ladle A. 
This ponrs into them the molten cast iron which it had just r^ 
ceived direct from the biast-furnace. As the string of moulds, each 
thus containing a pig, moves slowly forward, the pigs solidify an<l 
cool, the more quickly because in transit they are sprayed will' 
water, or even submerged in water in the tank EE, Arrived at 
the further sheave C, the now relatively cool pigs are dropped into 
a railway car. -Besides a very great saving of labor, which, bow 
ever, is partly counterbalanced by the cost of repairs, these in*' 
chines have the great merit of making the management indepen"' 
ent of a very troublescwne set of laborers, tlie hand pig-breake*"*' 
who were not only absolutely indispensable for every cast **'' 
ever\' day, because the pig iron must be removed promptly to m»^^ 
way for the next succeeding cast of iron, but verj- difficult lo *" 
place because of the great physical endurance required. 

269. Preservation of the Furnace Walls. — Tlie co*"*^ 
hired fluxing and abrading action of the descending charge te<* . 
lo wear away the lining of the furnace where it is hottest, whicli 
course is near its lower end, thus changing its shape material*'' 
lessening its efficiency, and in particular increasing the consumpt i*^ 
of fuel. The walls therefore are now made thin, and are di<^ 
oughly cooled by water, which circulates through pipes or bo3<* 
bedded in them. Mr. James Gayley's method of cooling, shown *^ 
a small scale in Fig. 89, and in detail in Fig. 92, is to set * 
the brickwork walls several horizontal rows of flat water-cot*!^*^ 
bronze boxes, RR', extending nearly to the interior of the fums>.*^' 
and tapered so tliat they can readily be \vithdrawu and replaced *" 
case they burn through. The brickwork may wear back to *"^ 
front edges of these boxes, or even, as is shown at R', Fig. 89, a 1''" 
tie farther, so that between the several horizoiUal rows of boxes tflf 
walls are grooved scallopwise, with horizontal furrows. But C"*'^" 
in this case the front edges of these boxes still determine the eft*'^' 
ive profile of the furnace walls, because these furrows bec<3"i* 



(vith carbon ami scoriaceous matter when the furnace is in 
t working. Each of these rows, of which five are sliown in 
i), consists of a great number of short segmental boxes. 
ID. Blast-flrnace Gas Engines. — The gases which es- 
tom tlie top of the blast-furnace are necessarily ver\- rich in 
iic oxide, of which they usually contain between 20 and 26 
nt. and they are thus a very valuable fnel. Tbe\' have 
O been used chiefly for healing the blast, and for raising 




(7V.„ 



t, Mitiia^' Engiiiicrs, XXI, p. rog, Fig. 6.) 



■not only for generating that blast, but also more lately for 
9ing-mil! and other engines of the establishment. But it has 
ieen shown that these gases can be used directly in gas 
1 which they generate about four times as much power 
d be developed by the steam raised by burning them under 
It has been calculated that the gas from a pair of old- 
1 blast-furnaces, making 1600 tons of iron \x,x week, 
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would in this way yield some 16,000 horse-power in cxce; 
own requirements. At that rate a pair of the great .\mericaii 
furnaces would have sonic 70,000 horse-power over and above thai 
which they themselves need for raising steam for their own pur- 
poses, and for heating their own blast. Although the quantity 
may really be much less than this, because the higher efficiency of 
these furnaces leaves less residual calorific power in the wasis 
gases, it is clear that their importance as sources of power is ver> 
great. 

This use of the gas engine is likely to liave far-reaehing 
results. In order to make use of this power we should place in I 
the immediate neighborhood of the blast-funiaces themsclvc! the 
works in which their cast iron is to be converted into sice!, and 
also those in which this steel is to be rolled out into finished shapes. 
The many converting mills which treat pig iron made at a distitic* 
will now have tlie crushing burden of providing in other way*t^'»* 
power which their rivals get from the blast-furnace, in addition to 
the severe disadvantage under which they already suffer, of wa^*' 
ing the initial heat of the molten cast iron as it runs from tlie bla&*' 
furnace, 

271. Hot Bl.\st Stoves. — The cast iron or "pipe" sto**^l 
in which the blast was heated b^ passing through a long series 
cast iron pipes, around and ouiside which the waste gases of *^ 
blast-furnace itself were burnt, are fast going out of use, clii^"- 
because they are destroyed quickly if an attempt is made to h^ 
the blast above 1000° F. (538' C). I.n their place the regenerat**'"* 
stoves of the Wliitwell (Figs. 93 and 94) and Cowper (Fig- ^f 
tyjKS are chiefly used. With these the regular temperature of *J'' 
blast at some works is about 760° C. (1400° F,), and the "S*^*, 
blast lemperaliire lies between 480° and 650° C. (900° ^** 
1200" 1-.) 

Like the Siemens furnace, they have two distinct phases — c"** 
" on gas," during which part of the waste gas of the blast- furr»^»*% 
is burnt within the stove, highly heating the great surface ^ 
brickwork which for that purpose is provided within it : the olb»* _ 
" on wind." during which the blast is heated by passing it b^**^ 
over these very surfaces which have thus been heated. They "'' 
hcat-fillcrs or heat-traps for impounding the heat developed. ^ 
the combustion of the furnace gas. and later returning it 10 tn 
bUst. 
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Fig. 93. Karly Type of ihe Whitwell Hol-bliist Siove. 
(Ledehut, Ha».!h.,h iUr Ei^i^HhunmhiiuU. 3d lul.. l*/), p. a,i».) 
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Each blast- furnace is now provided with three or cvi 
of these stoves, which collectively may be nearly thrice as £ 
as the furnace itself. At any ^ven lime one of these is " on win<l 
and the others " on gas." 

In later examples the W'hitwell stove has been simplified ■ 
greatly lengthening it and reducing the number of its vertic: 
partitions from nine to three, so that the blast, and also the g 
has only three instead of nine reversals of direction, 




Fig. 9^. 11. Kennedy Hot'blaal Stove. 
(Whitwell Class.) 
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blowing engine tias just so much less frictional resistance tn 
come. The necessarj- heating surface is given by three high 
tions instead of by nine short ones. 

Fig- 93 shows the early fonn of tlie WhitweU stove. The 
gas and the air which is to bum enter it at the lower part of the 
left-hand vertical chamber, which is made wide so as to pennii 
ihorough mixing and combustion. Thence, as shown by the ar- 
rows, tlie products of their combustion pass up and down the 
nine vertical passages at the right of the combustion chamber, 
giving up their heat to the brickwork partitions. In the next 
phase, when " on wind," tlie coW blast is forced in at the right- 
hand side of the stove, and passes back in the reverse <lirectiffli, 
absorbing beat from these same partitions, and escaping from the 
left-hand side as hot blast. 

Fig. 94 may serve to illustrate both the modem \Vhitwell 
type, and also the Hugh Keimedy stove which has much in com- 
mon with it. The modem Whitwell lacks the chimneys sho*'" 
at the top of Fig. 94, and it has a wide combustion chamber 3^ 
the left instead of the narrow one here shown. 

Tlic Hugh Kennedy stove shown in Fig. 94 is an ingcni**"* 
modification of older ones. Its working is described in a t^^ 
to the figure. 

The Cowper stove (Fig. 95) differs from the Whitwell (!f^*' 
94) (i) in having not a series of flat smooth walls, but a g^*^* 
number of narrow vertical flues, for tlie alternate absorption ^^^ 
emission of the heat, with the consequence that, for given out^^' 
dimensions, it offers about one-half more heating surface than 
Wliitwell stove: and (2) in that the gas and the blast pass o^^_- 
once up and once down through it, instead of twice up and tVf^'^ 
down as in the modem Whitwell stoves. As regards friclio- -^ 
resistance, this smaller number of reversals of direction makes "? 
in a measure for the smaller size of its flues. The large co^'*'" 
bustion chamber B permits thorough combustion of the gas. 

272. The Increase in the R-ME of Pkoductiom per fum^^^ 
has been extraordinary. In 1863 a daily production of 50 tc^"^ 
per furnace, and in 18S0 one of iig tons, was unusually largf* ■ 
but in 1898 one of the Duquesne furnaces made 711 tons ir» * 
day, and the four furnaces tliere were making regularly betwc^^ 
2200 and 2300 Ions daily, a rate as great as that of the wl«-*^^ 
world in 1800, and half as great as that of all the Uiii-*-*^, 




870. At Rankin 



ingle blast- 



furnaces collectivelj' 
irnace made 790 tons of pig iron in a single day of 24 hours, 
'he rate of production of a single one of tliese furnaces is much 
reater than that of all the United Slates furnaces in 1830, about 
m times that of 1820, and nearly four times that of the 153 fur- 
aces in the United States in 1810. (Later. — Ohio No. 2 Fur- 
ace at Yomigslown. Ohio, has made 806 tons of Bessemer pig 
f, in 24 hours.) 
These Carnegie furnaces of course are exceptional ones, and 
common rate of production, especially in case of European fur- 
ices, is much less. For instance, in iScy.) ihe average daily pro- 
.iction of the eighty-five existing and projected furnaces of Lor- 
line and Luxemburg was estimated at only 127 tons, and the 
■eatest e.stimatcd daily production for any of those then building 
33 only 20Q tons. Indeed, it is questioned whether the rapid 
'iving at Duquesne. with its rich Lake Superior ores, would be 
nomical if applied to the lean Minette ores of Luxemburg and 
)raiiie. 

■ The remarkable increase since 1880 has been brought about. 
rt chiefly hy the use of larger furnaces, although the hearth or 
ucible is made somewhat wider than formerly, hut by providing 
powerful engines and hot-blast stoves: and it has almost 
■ed the adoption of simple mechanical arrangements for 
^Itng rapidly both the raw materials and tlie products of the 
iace. 

Between 1880 and 1901 the importance of anthracite as a 
, for iron smelting decreased greatly, and that of charcoal very 
Itly; thus of the total United States product of pig iron, the 
^tage made with anthracite decreased in this period from 
II, and that made with charcoal from 13 to 2. 

Conversion into Wrought Iron and Steel 

273. Maxi-factlire of WRniT.itT Irox. — That wrought 
', which in 1880 seemed about to be completely displaced by 
[ Steel, remains in very extensive use is due chiefly ( i ) to 
■Conservatism, often reasonable, of certain consumers. (2) to 

great ease with which it welds, and (3) to the great 
ky which can readily be given lo it. Thus wrought iron 
c-shoes, bars. etc.. are made in great quantities for country 
lis and others who have had no opportunity to learn the 
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slightly different treatment which mild steel needs. Welded 
steam, gas, and water pipes also are still often made of wrought 
iron instead of steel, because here thoroughness of welding is of 
tlie first importance, and because if steel for pipes is made suf- 
ficieiuly free from carbon to weld readily, special care is needed 
to prevent cavities called "blowholes" (see § 290, p. 3G8). due 
to the escape of gas from the steel when the ingots into whidi 
it is initially cast are solidifying. These blowholes are liable 
either to aggravate the effects of rusting by causing local pitting, 
or to injure the soundness of the thread which is cut at the end 
of each length of pipe, 

As a material for making the better classes of tool steel by 
remelting by the crucible process, wrought iron is preferred 
mild steel, both because it can be made freer than mild steel irom 
certain elements, especially manganese, which are here undesirable, 
and because the crucible steel made from it is, in the opinion 
the best judges, better than that made from mild steel even ii 
like composition, though why this is so has not been convincioS''" 
explained. For the former of these reasons, too. and perl***^ 
also because of its very defect of being laminated by the pres^^*\^ 
of cinder, wrought iron is more ductile than mild steel "•'^V^, 
certain special conditions of use, such as those of rivets and ho 
shoe nails, many of which are made of it. 

While the yearly production of wrought iron in tlie Lnfr^ . ^ 
States more than doubled between i8~o and 1890. yet since { 

latter year it has shrunk very much, probably nearly to that " 
1870; and between 1870 and 1900 the proportion whidi the p«- ^^^^ 
duction of wrought iron bears to that of steel diminished v^^ ^ 
greatly. Of the combined annual production of wrought iron a* '^^, 
steel in the United States, that of wrought iron formed 95 P^^^iy 
cent in 1870, 63 per cent in 1880. 37 per cent in i8go, and probab- ■^^^^^^ 
not far from 15 per cent in 1899. The corresponding mimbe* "'" . 
for Great Britain are 34 per cent for 1890. 19 per cer"^^ 
for 1899, and 16 per cent for 1901. In the year 1899 tlie averag"^^ 
number of British puddling furnaces in operation is reported a -^ 
1149 out of a total of 1320 in existence. Thus in nineteen year*- 
the position of wrought iron changed from that of the chieltf^^H 
product to one of secondary importance. I^H 

274. The Piddling Proces,s still supplies nearly all tb^^H 
wrought iron made. The numerous mechanical puddling fumact^^H 
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which in 1875 or tlierealmuts were offered so prominently as a 
means of lessening the very severe labor of the puddler, ha\e for 
the most part disappeared, even the Danks furnace heing now 
almost forgotten, and puddling is now usually done by hand in 
the old-fashioned furnaces and in the same way as formerly. The 
novelties ia puddling which here need notice are (i) the Pietzka 
furnace. (2) a tentative increase in the sizt of charges treated. 
a"d (3) the use of " direct metal," i. c, molten cast iron direct 
from the blast-furnace. 

A much lower temperature is needed during the early part 
of the puddling process, in which the initial charge of cast iros, 
a relatively fusible substance, is melted down, than towards the 
end, when the resultant relatively infusil)le wrought iron must be 




very highly heated so that its panicles may be welded firmly 
together, and so that the cinder shall be so fluid that the greater 
part of it may readily be squeezed out of the puddled ball. The 
-Pictcka furnace (Fig, 96) is designed to meet this condition, by 
liaving two separate " hearths " or working chambers. A, A, in 
the right-hand or cooler of which a new charge is melted down 
and puddling is begun, while in the left-hand hearth, which is 
Iiotter because nearer the fire, another charge is finishing. As 
soon as this latter charge has been drawn from the furtiace and 
the necessary repairs have been made, the two hearths are made 
to change places, being lifted by means of the hydraulic plunger 
■ff. and rotated 180° about this plunger as an axis. This brings 
to the hot end of the furnace the charge of which the treatment 
has been begun at the cooler end. To permit tins rotation the 
joints C. between the rotating parts of the furnace and the fixed 
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parts, may be made conical. In effect the heat which, in a conimoa 
puddling furnace, would escape directly from the working cliamber 
into the chimne)- and thus be lost, is here used in tlie right-hand 
or cooler hearth for the early part of the process itseU. Beyond 
this, ihe ileal in the escaping products of combustion may be 
further recovered by the Siemens regenerative or by the reco- 
perative system. Thus arranged, the Pietzka furnace effects i 
great saving of fuel. 

In common practice the cast iron as it runs from the blast- 
furnace is allowed to solidify and cool completely in the form 
of pigs, which are then graded by their fracture, and remdttd 
in the puddling furnace itself. At Hourpes, in order to s*v( 
the expense of this remelling. the mohen cast iron as it corns 
from the blast-furnace is poured directly into Ihe puddling fur- 
nace, in large charges of about 2200 pounds, which are thus about 
four times as large as those of common puddling furnaces. These 
large charges are puddled by two gangs of four men each, and ■ 
a great saving in fuel and labor is effected. 

Interesting as are these advances in puddling, they have iW 
been widely adopted, for two chief reasons: First, owners 01 
puddling -works have been reluctant to spend money freely in 
plant for a process of which the future is so uncertain, and '1"* 
unwillingness has been the more natural because these very i"^ 
are in large part the more conservative fraction, which has resist*" 
the temptation to abandon puddling and adopt the steel-mak"^S 
processes. Second, in puddling iron which is to be used ** ' 
raw material for making very- fine steel by the crucible proc***'_ 
quality is the thing of first importance. Now in the series " 
operations, the blast-furnace, puddling, and crucible proceS^', 
through which the iron passes from the state of ore to that 
crucible tool steel, it is so difficult to detect just which are 
conditions essential to excellence in the final product that, oncr* 
given procedure has been found to yield excellent steel, every <^ 
of its details is adhered to by the more cautious ironmasters, of"" 
with surprising conservatism. Buyers of certain excellent das ^ 
of Sjwedish iron have been said even to object to the substitute 
of electricity for water-power as a means of driving the machin^^' 
of the forge. In case of direct puddling and the use of lar^f ' 
charges this conservatism is reasonable, for the established custc^ 
of allowing the cast iron to solidify gives a better opportunity ^ 



Iron, Sli'd. ami other AUo\s 



347 



its fracture, and llius of rejecting unsuitable iron, than 
is afforded in direct puddling. So, too, when several piiddlers 
are jointly responsible for the thoroughness of their work, as 
happens in puddling large charges, they will not exercise such 
care (nor indeed will a given degree of care be so effective) as 
when responsibility for each charge rests on one man. 

275. TuE Open-heabth Process. — In this process, some- 
times called the Siemens-Martin process, the advances have been 
more important than those in any other branch of steel making. 
The chief of these arc : (i) the wide use of a basic lining and basic 
slag, so that the process removes phosphorus from the iron; (2) 
a great increase in the size of furnaces, from 10 to 50 and even 
70 tons' capacity; (3) the use of tilting furnaces; and {4) special 

es of procedure. 

The American rate of production of the open-hearth process 
per furnace per week has increased from six heats aggregating 
30 tons in 1870 to 22 heats aggregating 1,129 tons, the production 
of a 50-toii furnace at Duquesne when treating charges composed 
■of 34-3 per cent of molten pig iron. 10.5 per cent of cold pig iron, 
■d 55.2 per cent of scrap iron. 

In 1880 the radical defect of the open-hearth process, like that 
Of the Bessemer process, was that it did not remove phosphorus, 
a most hurtful element, of which nearly all pig irons contain more 
than is desirable, and most of them more than is permissible, in 
steel- The essence of both these processes as we have seen is the 
removal, by oxidation, of the impurities, carbon, silicon, man- 
ganese, etc., which the molten cast iron contains. 

The carbon oxidizes to carbonic oxide gas which escapes ; the 
silicon oxidizes to silica, and the manganese to manganous oxide, 
and the resultant silica an<l manganous oxide unite with the slag, 
Which floats in a thin layer on the molten metal, like cream on 
sirnniering milk. 

The condition of things in the open-hearth process is sketched 
in Fig. 97. The right-hand half of this figure shows the charge 
ix\ a state of violent boiling, due to the reaction between the oxygen 
of the dark lumps of iron ore which have been thrown in, and 
now lie floating between metal and slag, and the carbon of the 
molten metal, C -(- O = CO. The resultant carbonic oxide gas 
escapes in great volumes and converts the slag into a thick frothing 
amass. The condition of things at the end of this process, when 
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rbuUitioa has nearly ceased, is shown in the left-hand part of this 
ketch. Naturally we have to draw somewhat upon our imagina- 
ion for our conception of what takes place within an opaque 
nass like this. 

Phosphorus also, like carbon, silicon and manganese, may be 
xidized by means of iron oxide, forming phosphoric acid, which 
epai^tes from the molten metal and combines with lime, iron 
xide and other bases in the molten slag. Phosphoric acid, how- 
ver, is here so unstable that it tends strongly to be again de- 
xidized as fast as it is fonned, by the carbon and silicon of the 
lolteii iron beneath, or even by the molten iron itself, and, when 
3 deoxidized, it immediately reunites with that iron, so that tn 
ffect de phosphor! zation is wholly prevented. This strong len- 
ency to instantaneous and complete " rephosphorization " must 
e counteracted if the removal of phosphorus is to be effective, 
nd to make that possible the slag must be made strongly retentive 
f phosphoric acid. But in order to be retentive of phosphoric 
cid, it must contain an excess of powerful bases, such as lime 
nd iron oxide, for these, so long as they are in excess, form 
.•ith the phosphoric add salts so stable as to resist the deoxidizing 
ction of the molten metal beneath. 

Silica, or silicic acid, here plays the part of an acid so power- 
ul that, if there is more than some 20 per cent of it in tlie stag. 
: enfeebles the hold of these bases on the phosphoric acid, with 
he result that much of this substance is reduced by the carbon, 
ilicon or iron to phosphorus, and consequently reabsorbed by the 
lolten metal. To exclude silica the furnace walls, which under 
ther conditions are usually made of sand or clay, arc here made 
ither of a neutral substance, chromite (FeO, CraO»), or of a 
asic and yet infusible one, such as magnesia or the mixture 
f magnesia and lime which rcsuhs from calcining dolomite 
Ca, Mg)COj. This, when mixed with some 10 per cent of 
ehydrated coal tar, is coked by the ht-at of the furnace into a 
ard ringing mass, which is mucli more resistant than a silicious 
ning, so that the basic process is actually easier to conduct than 
ne older or " acid " process with its acid, i, e., silicious, walls and 
lag. The basic variety has reached gVcat importance In Germany, 
nd in 1901 in the United States, yy per cent of the total of opcn- 
icarth steel was made by it. though in Great Britain the proportion 
^in the first half of 1902) was only 13,(1 per cent, 
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Ftiniaces, each treating a charge of fifty tons — five times 
ilie weight coninioii in 1880 — have proved so economical that two 
of 70 tons' capacity have been built. No special difficulties have 
arisen in the use of these enormous furnaces. The gas and the 
air eadi enter the furnace through a single port, yielding a flame 
so great and long as to fill the whole melting chamber. 

Many of lliese large furnaces are tilted at the end of each 
charge, as shown by the arrows in Fig. 100, so as to pour the 
molten steel into the casting-ladle, and the molten slag into its 
receptacle; thus tlie troublesome operation of pouring is brought 
under much better control. This and the other incidental ad- 
vantages of tilting arc much more important in the basic than in 
the acid process, but even in the former case it is not generally 
conceded that the tilting system has yet been so perfected that 
its advantages considerably outweigh its greater cost for in- 
stallation and repairs. 

276. The Siemens Fcrn.^ce. — Figs. 98 to loi are intended 
to explain not only the tilting furnace, but the general principle 
of the Siemens furnace. The charge of metal is melted a"" 
brought to the desired composition and temperature in the worbioff 
chamber or body of the furnace, G, a long quasi-cylindrical vessel 
of brickwork, heated by burning within it preheated gas w'y" 
preheated air. This working chamber is the furnace pnapefi ^^ 
which the whole of the open-hearth process is carried out, ^ 
the function of all the rest of the apparat\ts, apart from the tilO"" 
mechanism, is simply to preheat the air and gas, and to lead tl*^^ 
to the furnace proper and the products of their combustion the***^ 
to the chimney. 

How this is done may be understood more easily if Figs, ^^ 
and 99 are regarded for the moment as forming a single diagr^*\^ 
matic figure instead of sections in different planes. The unbrol^ 
arrows show the direction of the incoming gas and air, the bro^^ 
ones the direction of tlie escaping products of their combusti^-' 
The air and gas, the latter coming from the gas producers or otS"* 
source shown at the left of Fig. 99, arrive through H an(^ 
respectively, and their path thence is determined by tlie posit* 
of the reversing valves K and K'. In the position shown in st^ 
lines, these valves deflect the air and gas into the left-liand I>-*°^ 
of " regenerators," the air into and through the extreme left-ha. ^^ 
regenerator, the gas into and through that immediately on 
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I Before considering the further path of the gas and air let 
ti aside for the moment to ask wiiat these regenerators are. 

fhe Regenerators. It is for the purpose of higlily preheating 
r and gas before they mix and burn tliat they are passed 
1 and tlirough lliese regenerators. These are large 
£ular chambers, in each of which is a great mass of 
fcerwork," i. e., firebricks piled loosely in such a way as to 

abundant free but zigzag passage for the passing air or gas, 
r this very act to cause the air and the gas separately to 

(during their passage into extensive contact with the preheated 
i of this checkerwork. How this preheating is done we 

glhortly see; suffice it for the moment that the gas and air 
larately exposed in them to an enormous extent of roughened 
ighly preheated firebrick surface, so that in this passage the 
Scomes heated very highly, say to a light yellow heat, 1 100" C. 

„' F.), in one regenerator, and the air simultaneously becomes 

t heated in the other, 
t us now return to the itinerary of the gas and air, which 
now followed as far as the left-hand pair of regenerators, 
1 the present phase are the inlet regenerators. The gas 
• next ascend, still as two separate streams, through the 
i (Fig. loi). and they first mix at the moment of entering 
Bprking chamber through the ports L and L' (Fig. 98). As 
so hot at starting, their combustion of course yields a very 
;her temperature than if they had been cold before bum- 
md they form an enomious flame, which fills the great 
5 chamber. The products of combuslion are sucked by the 
{ the chimney through the farther or right-hand end of this 
-, out through the right-hand ports which in this phase are 
t ports, as shown by the dotted arrows, down through the 
ind pair of regenerators, healing to perhaps 1300° C. the 
t of the loosely-piled masses of brickwork within them, 
: past the valves K and A" to the chimney-flue 0. 
ing this phase the incoming gas and air have been with- 
; heat from the left-hand regenerators, which have thus 
Kiling down, while the escaping products of comljiistion 
1 depositing heat in the right-hand pair of regenerators 
e thus been heating up. After some thirty minutes this 
I of things is reversed by turning the valves K and K' 
> the positions shown in broken lines, when they deflect 
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the incoming gas and air into the right-hand regenerators, so 
that they may absorb So passing the heat which lias just been 
stored there; thence they pass up through the right-hand uptakes 
and ports into the working chamber, where as before they mix. 
burn, and heat tlte charge. Thence they are sucked out by thie 
chimney-draught through the left-hand ports, down through iJic 
uptakes and regenerators, here again meeting and heating the 
loose mass of " regenerator " brickwork, and they finally escape 
by the cliimney-fliie O. .After another thirty minutes the curreU' 
is again reversed to its initial direction, and so on. 
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These regenerators are the essence of the Siemens or " re. ^ — 
generative furnace " ; they are heat-traps, catching and storin ^g 
by their enormous surface of brickwork the heat of the escapirVf; 
products of combustion, and in the following phase restoring tV-w 
heat to the entering air and gas. .\l any given moment one p^^-ii 
of regenerators is storing heat, while the other is restoring ^^■ 
As devised by Siemens, the whole furnace was stationary. ^^^W 
H. H. CampbtU and later S. T. Wellman have modified it "*! 
making the furnace proper, the part IFIf'" (Fig. 98) which c^' - 
tains the working chamber, movable, so that it tilts approxinia. '•^ 
around its own axis, somewhat like a barrel rolling on the floo * 
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In H. H. Campbell's system, which is here shown, tlie tilting 

""working chamber is connected with the stationarj- ports L and L' 

by means of the loose water-cooled joint IV. The furnace, resting 

on the rollers M, is tilted by the hydraulic cylinder A" (Fig, loo). 

lie slag-pockets P (Fig. loi), below the uptakes, are provided 

1 the dust carried out of the furnace proper by the escaping 

tducts of combustion, lest it enter and choke the regenerators. 




akc Slag potkcl and Kegeneralot 
s of Tilling and Siemens > urn aces 
Legend: C, furnace body ; //, air supply ; /, gas supply ; A , air reveriiog 
as reversing valve: L, air pori: Z'. gas port; M, rollers on which Ihe 
; jV, hydraulic cylinder for lilting ihe furnace; O. flue leading to 
*^Hironey; P, slag pockela; R, charging boxes; n\ water-cooled joinls between 
*^Tnace proper, C, and ports L. L'.' 
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Wellman's tilting furnace rolls on a fixed rack instead of on 
rollers. About 37 of these Wellman's rolling furnaces have 
been built and are in operation, and their capacity is from 
3 to 70 tons at a time. Their production for a day of twenty- 
four hours would thus lie between 15 and 100 tons each. The 
numbers just given include two 70-ton furnaces for the Talbot 
process. A Wellman furnace to hold 200 tons at a time for this 
process has been proposed, but the advantages of such extreme 
size are open to question. 

In the Wellman charging system the metal- is packed by un- 
skilled laborers in iron boxes, R (Fig 100), standing on cars in the 
stockyard. A locomotive carries a train of these cars to the track 
running beside a long line of opeti-hearth furnaces. Here the 
charging machine lifts one box at a time from its car, pushes it 
through the momentarily opened furnace door, and empties the 
metal upon the hearth of the furnace by inverting the box, which 
it then replaces on its car. 

277. New Varieties of the Open-hearth Process. As 
pointed out briefly in § 265 cast iron differs from steel essen- 
tially in containing more carbon and silicon, and often more phos- 
phorus ; and the open-hearth process converts molten cast iron into 
molten steel either ( i ) by diluting its carbon and silicon by ad- 
ditions of scrap steel or wrought iron (pig and scrap process) • 
or (2) by oxidizing its carbon and silicon, jointly by means 01 
the oxidizing tiame of the Siemens furnace, and of iron oxi^c 
added in the form of ore or scale (pig and ore process) ; or (3' 
by both moans jointly. Because ore is usually much cheaper th^^ 
scrap iron, the pii^ and ore process would usually be the cheap^^' 
were it not that it nnist be conducted very slowly, lest the iro^^' 
ini: duo to the oscajx^ of the carbonic oxide gas, whicli results if^^ 
tlio oxidatii^i of tho carbon of the metal, cause the charge to o^'^ 
i\o\\\ Rapid docarburization with its consequence, violent et>^^ 
liiion, is4>orniissiblo in tho Dossemcr process, which lasts onl>' 
many ininiitos as iho opoii-hoarth process lasts hours, because ^ 
r»ossoinor convorior is so doon that tho metal is not liable to boil ^ 
ox it. l'\irtlKT. tho cold iron ore of the pig and ore process cart ^ 
introdiicod onlv vorv slowlv. lost it chill the molten metal, \y^\ 
dirooily and booauso its reaction on the carbon absorbs heat: ^^^ 
local Ci^tMiui:: indood is what aijgravates the frothing. A cr^ 
lump of ore chills the slag immediately aro md it, just where ^ 
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•gen reacting on the carbon of tlie metal generates carbonic 
iide ; the slag becomes cool, viscous, and of a consistency leading 
tcKtreme frothing on slight provocation, just where the prov- 
Ition to frothing is extreme through the local evolution of 

, We will now look briefly at three new modifications of the 
j-hearth process, the Bertrand-Thiel, the Talbot, and the 
•nell. 

. 278. The Bertrand-Thiel, Process. — Bertrand and Thiel 
lize the carbon of molten cast iron by running it upon a charge 
iheated but usually still solid scrap steel on the hearth of an 
i-hearth steel melting furnace. In this preheating the surface 
le individual pieces of scrap steel has become much oxidized, 
the molten cast iron is run upon it, the scrap steel quickly 
Ijts and coalesces with the cast iron : and both during and imme- 
Mely after fusion the oxygen of tlie former is in a position 10 
~"'" the carbon of the latter efficiently. The reaction between 
oxygen of one and the carbon of the other is therefore ex- 
lely rapid because it occurs throughout their depth, whereas in 
ion procedure oxidation occurs only at the upper surface of 
bath of cast iron at its contact with the overlying slag. More- 
•, since local cooling, with its consequent viscosity and tendency 
■oth, are avoided, the frothing is not excessive in spite of the 
idity of the reaction. 
279. The Talbot Process, — To enlarge the scale of oper- 
is makes strongly for economy in the open-hearth process as 
;her high temperature ones. (See below.) Vet the use of 
hearth furnace of very great capacity, say of 75 or of 100 
per charge, has the disadvantage that such very large lots of 
1, delivered at relatively long intervals, are less readily man- 
in the subsequent operations of soaking and rolling down to 
final shape, than smaller lots delivered at shorter intervals. 
leet this difficulty Mr. B. Talbot carries on the process as a 
Hi-continuous instead of an intermittent one, operating on 70- 
■fots of cast iron in such a way as to draw off part of the 
iltant steel in zo-ton tots at relatively sliort intervals, and charg- 
fresh 20-ton lot of cast iron to replace each lot of steel thus 
urn off. Besides minor advantages, this plan has the merit 
nroiding an ineffective period which occurs in common open- 
procedure just after the charge of cast iron has been melted 
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clown. At this time the slag is temporarily rich in iron oxide and I 
silica, resulting from the oxidation of the iron and of its silicon I 
which occurs as the charge slowly melts and trickles down. Such I 
a slag not only corrodes the furnace lining but also impedes de- I 
phosphor! zation, because it is irretentive of phosphorus. Furthff' 1 
tlie relatively low temperature impedes decarburization. Clearly- 1 
no such period can exist in the continuous process. 

280. The Monell Process. At a relatively low temperatur^' 
say 1300" C, the phosphorus of cast iron oxidizes and is remove* 
much faster than its carbon, while at a higher temperature, s»-"3 
1500° C, carbon oxidizes in preference to phosphorus, It is we= ■'' 
to remove this latter element early, so that when the carbon sha — *' 
have fallen to the proportion which the steel is to contain, the sie^^' 
shall already be free from phosphorus and so ready to cast. F " 
common open-Iiearth procedure, although the temperature is lo'^""' 
early in the process, 11'=., at the end of the melting down, depho^^s- 
phorization is then impeded by the temporary acidity of tlie sla ^ag . 
as just explained. At the Carnegie works Mr. Monell gets thr^^^e 
two dephosphorizing conditions. low temperature and basicity ^ — >f 
slag, early in the process, by pouring his molten but relatively co— ^I 
cast iron upon a layer of preheated lime and iron oxide in tlie ope:^n- 
h earth furnace. 

Because of these two conditions so favorable to dephosphoric ^- 
tion, the removal of the phosphorus from the metal to the slag is 
actually very rapid. At the same time the ebullition from the fo*"- 
mation of carbonic oxide gas, by the oxidation of the carbon, is ^° 
strong that it puffs up the resultant phosphoric slag enough to tn**^' 
most of it run out of the furnace, thus both removing the pb*^ 
phorus permanently from danger of being later deoxidized 3** 
returned to the steel, and partly freeing tlie bath of metal from ^'^^ 
heat-insulating blanket of slag. Yet frothing is not excess*'*' ' 
because the slag is not, as in common practice, locally chilled ^*^ 
made viscous by cold lumps of ore. 

2Z1. The Bessemer Process. — The chief advances in *-*\ 
Bessemer process have been the use ( i ) of molten cast iron diC^^ 
from the blast- furnace, or "direct metal"; (2) of "mixers" 
which the cast iron from several blast-furnaces is mixed togetl"* ' 
so as to equalize its composition ; {3) of " car-casting," or cast* *^ 
the molten steel in moulds standing on a train of cars. In addit * 
to these, which are advances not in the nature but in the admii 
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of the process; (4) the basic Bessemer or Thomas process 

le into extensive use. 

282. Direct Metal and the Mixer. — Until lately the cast 

for the Bessemer process has nearly always been allowed to 

iy in pigs, which were next broken up by manual labor, and 

led at great cost. It has long been seen that there should 

great saving if this remelting could be avoided, and " direct 

■tal," I*, e., the molten cast iron direct from the blast-furnace, be 

rated in the Bessemer process. The obstacle is that, owing to 

.avoidable irregularities in the blast-furnace process, the silicon- 

sulphur-content of the cast iron vary to a degree and with 

ibruptness which the Bessemer process can hardly tolerate. 

Sulphur, which is not removed in the acid Bessemer process, 

the Bessemer process in its original form, injures the steel 

freatly that it must be held below a limit, fixed in each case 

fte uses to which the steel is to be put. Further, the point 

tvhich the process should be arrested is recognized by the 

arance of the flame whfch issues from the converter's mouth, 

variations in the silicon- content of the cast iron treated alter 

; appearance, so that the indications of the flame become con- 

and control over the process is lost. Moreover, the quality 

flie resultant steel depends closely on the temperature of the 

is, and this in turn depends upon the proportion of silicon, 

Combustion of which is the chief source of the heat developed, 

the importance of having the silicon-content constant. This 

as brought about at the Carnegie " Edgar Thomson " works by 

aptain W. R, Jones's invention of ihe " Mixer," which is simply 

great reservoir into which successive lots of molten cast iron from 

II the blast-furnaces available are poured, forming a great molten 

lass of some two hundred or more tons. This is kept molten by a 

mall flame playing above it, and successive lots of the cast iron 

mixed are drawn off, as they are needed, for conversion into 

by the Bessemer process. 

This device not only makes the cast iron much more uniform, 

much of its sulphur by a curious slow reaction. 

ly metals have the power of dissolving their own oxides and 

•hides, but not those of other metals, Thus iron dissolves its 

lide freely, but not that of cither calcium or manganese. 

when we deoxidize calcium in the iron blast-furnace, 

absorbs the sulphur which has dissolved in llie iron as 
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iron sulphide, and the sulphide of calcium thus formed separa^* 
from the iron and unites with the slag floating upon that ircT^ 
In like manner, if ihe molten iron in the mixer contains mangane:^ 
this metal unites with the sulphur present, and tlie manganer^ 
sulphide, relatively insoluble in the iron, slowly rises to the surfad; 
anrt there reaching the air, its sulphur oxidizes to' sulphurous aci - 
which escapes. The use of the mixer, and through it that of direr" 
metal, has now become general. 

There still remains some irregularity in the silicon-conte-^ 
of the cast iron, and consequently in the temperature developed -^ 
the process, but this is met by throwing into ine converter, durir^ 
the process itself, a variable quantity of cold scrap steel (tlie cro^^;*^ 
ends of rails and other waste pieces), and also in the United Siat^^^^s 
by introducing a variable quantity of steam into the air which ^ms 
blown through the molten iron. This is decomposed, with gre —^'* * 
absorption of heat and consequent lowering of the temperature, a ^af- 
fording a most convenient way of regulating the temperature. I^K ^ 
the temperature threatens to be too low, it may be raised by sz:^ <-i 
inclining the converter that the layer of metal through which tL i^ 
blast from certain of the tuyeres passes shall be so thin that lie:^«~« 
the blast shall oxidize much iron, which thus becomes a source «-i^>f 
heat, though an expensive one. 

283. The Car-casting System deserves description chief ^>' 
because it shows how, when the scale of operations is as enormo«_"»s 
as it is in the Bessemer process, even a slight simplification aiii ^ 
slight heat-saving may be of great economic importance. _ 1 

Whatever be the form into which the steel Is to be rolled. ** 
must in general first be poured from the Bessemer converter »" 
which it is made into a large clay-lined ladle, and thence cast •** 
vertical pyramidal ingots, Fig 103. To bring them to a temperatf*'^ 
suitable for rolling, lliese ingots must be set in heating or soaki*** 
furnaces {§ 293. p. 375). This should be done as soon as possi*' 
after the ingots are cast, both to lessen the loss of their initial l»*^ , 
and to make way for the next succeeding lot of ingots, a mat'ef 
great importance because the charges of steel follow each otheT" 
such very brief intervals. Two converters working together b^* 
made 4958 charges of ten tons each, or a total of 50,547 tons*. 
one month, or at an average rate of a charge every seven miin* *^7 
and twenty-four seconds throughout every working day. It is t^* . 
■apidity that makes the process so economical »-'*^^ 
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mines llie way in which its details must be carried out. More- 
since the mould acts as a covering to retard the loss of heat. 

3uld not be removed from the ingot until just before the 
is to be placed in its soaking furnace. 




ese conditions are fulfilled by the car-casting system ot ivir. 
'. Wood of Sparrows Point, Md., in which the moulds, while 
fing the steel, stand on a train of cars (Figs. 102 ana 103^' 
B immediately nui to the side of the soaking furnace. 
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When any individual ingot begins freezing within tis mould, 
it naturally freezes from without inwards ; and the crust of solid 
steel gradually thickens and grows stronger as the freezing pro- 
ceeds. Fig. 103. When this crust has grown so thick and strong 
that it can endure without collapsing the grip of the tongs needed 
to transfer the ingot to the soaking furnace, the tapered mould is 
withdrawn by lifting it from the tapered ingot which it enclosWi 
and is set on an adjoining train of cars. The ingots are \i\^ 
charged directly into the soaking furnace. The mould-train no*" 
carries ils empty moulds to a cooling yard, and, as soon as they a*"^ 
cool enough to be used again, carries them back to the neighborho*^ 
of the converters to receive a new lot of steel. 

In this system there is for each ingot and each monld on --*■ 
one handling in which it is moved as a separate unit, the mou^ 
from one train to the other, the ingot from its train into the furnace' 
In the other movements, all the moulds and ingots of a give - 
charge of steel are grouped as a train, which is moved as a unt 
bj' a locomotive. 

In the early days of the Bessemer process the advantage^ 
which car-casting offered were recognized, and plans for carrying 
it out were proposed. But a very grave difficulty in the 
any such system was that, in pouring the steel from ladle to moulc:^ 1 
more or less of it occasionally spatters, and these spatterings. sirni-M i 
the steel as soon as it solidifies is extremely tenacious, if they striU _^ ( 
the rails or the running gear of the cars, obstruct and befoul ihei-r—M, 
preventing the movement of the train. But this cannot be tcz^^ 
erated, because the economy of the process requires extrer-»M 
promptness in each of its steps. This difficulty prevented casti.»^ 
upon cars. At that time, and indeed until the invention of ^^r. 
Wood's car-casting system, the plan followed was much more «<- 
pensive. The moulds stood not on cars, but directly on the t^o"'" 
of a casting pit while receiving the molten steel. When the inC** 
had so far solidified that they could be handled without ha."^"^ 
their crust break through, the moulds were removed and set or'^** 
floor to cool, the ingots were set on a car and carried to the f"^ 
ing furnace, and the moulds were then replaced in the castin^^ ",* 
Here each mould and each ingot was moved as a separate 
twice, instead of only once as in the car-casling system : the "^^'\1 
radiated awa>' great (luantities of heat in passing naked fron^^ 
con\*crting mill to the soaking furnaces, and the heat which "^ 
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and the moulds radiated while in the converting mill was not only 
wasted, bnt made this mill, open-doored as it was, so intolerably hot 
that tile cost of labor there was materially increased. 

The way in whicli Mr. Wood met the difficulty of spattering 
the tracks and running gear was a most simple one. It consisted, 
as shown in Fig. 103, in so shaping the cars that they completely 
protect both their own running gear and the track from all possible 
spattering, a device which, simple as it is, has materially lessened 
the cost of the steel and greatlv increased the production. 

2S3 A. I^■CRE.^SE in the Rate of Production of a P.vir of 
£essemer Converters. — This is shown in Table 15. 

Table 15. — Maximum Production of Ingots by a Pair of Ameri- 
can Converters, in gross Tons per ll''eek. 






'870 *5* 

'880 M33 

'B89 8.549 

1899, for a. mcmth (he average weekly production was . . 1 1,233 

190: 13.703 

1903 '5-704* 



Thus in thirty-three years the rate of production per pair of vessels 
lias increased more than sixty fold. 

The production of European Bessemer works is very much 
less than that of American. Indeed the whole German production 
^i acid Bessemer steel in 1899 was at a rate but slightly greater than 
that here given for one pair of American converters for that year ; 
and three pairs if this American rate was continued, would produce 
almost exactly as much steel as all the si.xty-five active British 
Bessemer converters, acid and basic together, produced in 1899. 

284. R-ANGE IX Size of Converters. — In the Bessemer 
process, and indeed in most high- temperature processes, to operate 
on a large scale has, in addition to the usual economies which it 
offers in other industries, a special one, arising from the fact that 
from a large hot furnace or hot mass in general a very much 
smaller proportion of its heat dissipates through radiation and like 
causes than from a smaller body, just as a thin red-hot wire cools 
ill the air much faster than a thick bar equally hot. Hence the pro- 
gressive increase which has occurred in the size of converters, utit^ 
riow some of them can treat a 20-ton charge, is not surpridin^ 
£ut, on the other hand, when only a relatively small quantity <rf n 
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sjjecial kind of steel is needed, yery much smaller charges, in some 
cases weighing even less than half a ton, have been treated wilh 
technical success. 

This has been particularly true in the manufacture of sl«l 
castings, i. c, objects usually of more or less intricate shape, wliith 
are cast initially in the form in which they are to be used insteai) 
of being forged or rolled to that form from steel cast originally in 
ingots like those of Fig- 103. For making castings, especially 
those which are so thin and intricate that, in order that ih^ 
molten steel may remain molten long enough to run into the th»" 
parts of the mould, it must be heateii initially very far above »ts 
melting-point, the Bessemer process has a very great advanta^* 
in that it can develop a mucli higher temperature than is atlainat*** 
in either of its competitors, the crucible and the open-hear*^" 
processes. Indeed, no limit has yet been found to the temperatu *'^_ 
wliich can be reached, if matters are so arranged that not on- 
the carbon and silicon of the pig iron, but also a considerab- 
part of the metallic iron itself, is oxidized by the blast; or " • 

as in the Walrand-Legenisel modification, after the contbustic 
of the initial carbon and silicon of the pig iron has alrea<I- — ^ 
raised the charge lo a very high temperature, a still turtlier ri^^* 

of temperature is brought about by adding more silicon in ih 

form of fcrro-silicon, and oxidizing it by further blowing. 

In the crucible and the open-hearth processes the temperatur 
attainable is limited by the danger of melting the funiace itself* 
both because some essential parts of it. whidi. unfortunatel>— ^ 
arc of a destructible shape, are placed most unfavorably in th^^» 
ihey are surrounded by the heat on all sides, and because tl:^»-* 
furnace is necessarily hotter than the steel made within it. Bi— ^' 
no pan of the Bessemer converter is of a shape easily a^^- 
fectcd by the heat, no part of it has heat on more than otr»e 
side, and the converter iiself is necessarily cooler than the meti^il 
within it. since the heat is generated within the metal itself by tl^e 
combustion of its silicon and other calorific elements. In it liic 
steel heats the con\-ener, whereas in the open-hearth and crucit>lf 
processes the funiace heats the steel. 

285. The Basic Bessemer Process. — The field of this proc- 
ess is grcalty restricted by the nets ( 1 1 that it is more expens*'*^ 
than the normal or acid Bessemer process, especially as reg»*" 
the repairs to the converter itself, (2) that at present it cat* 
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lulled onij' to pig iron which contains at least 1.80 per cent 
f phosphorus, and (3J that there are relatively few ores from 
Wiich such pig iron can be made. In short it can be used only 
(There cheap and phosphoric p\g iron is at hand. Beyond this, 
I is better that the pig iron used should contain at least 1.80 per 
bent of manganese, and it should not contain more than I per cent 
If silicon or more than 0.12 per cent of sulphur; but these latter 
pequirements can often be complied with. 

j, Of the ores which contain enough phosphorus to yield pig iron 
Initable for this process the chief is the poor but very cheap 
Wlinettc " ore of the enormous deposits of Luxemburg and 
ptraine. though Sweden also has deposits of phosphoric iron 
I* from which much is to be expected. 

t- Eighty-six per cent of the German and Luxemburg Bessemer 
feel of 1899. and 28 per cent of the British, were made by the 
feic process, which is important also in Belgium and Bohemia. 
•t in the L'nited States few phosphoric ores are so much cheaper 
ttn the non-phosphoric or " Bessemer " ores as to permit the 
pic process to compete with the original or " acid " Bessemer 
pcess. While it has at one time or another been used at two 
faerican steel works regidarly, and experimentally at others, it is 
C now in use in this country, nor does it seem likely to be in the 
ill" future. 

I The role of the 1.80 per cent of phosphorus needed in 
f P'ff iron is to generate, in being oxidized to phosphoric acid 
[ the air blown through the metal, the very high temperature, 
S>Ut 1600° C. (2912° F.). which the process needs in order to 
«e the resultant steel above its very high melting-point, so 
K* it may remain molten and because molten can be poured 
feo its moulds. 

h Silicon cannot be used here as a chief source of heat, aa 
Ss in the '■ acid " Bessemer process, because the resultant silica 
puld both corrode the basic walls of the converter, and cause 
fephosphorization." as explained in § 275, p. 347, unless counter- 
Ped by great additions of lime, which would not only occupy 
tecious room, but in themselves consume most of the heat 
sneratcd by the oxidation of the silicon. Further, if the silicon 
much in excess of i per cent, it causes such frothing as to 
r much of the metal out of the mouths even of these roomy 
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Manganese to the extent of 1.80 per cent is desired as a 
means of preventing the resultant steel from being redshort, 
t. e,, brittle at a red or forging heat. 

The pig iron should be as nearly free as possible from 
sulphur, because the removal of any large quantity of this ele- 
ment in the process itself is both difficult and expensive, and 
because sulphur is so injurious that but little can be tolerated in 
the resultant steel. 

The basic lining of the converters, made of calcined dolomite 
mixed with 10 per cent of dehydrated coal tar, is expensive, and 
lasts but relatively few charges — in few works more than 200 
and in some only 100 — while the silicious lining of the acid 
converter lasts thousands of charges. Hence, for the basic proc- 
ess, spare converters must be provided, so that there may always 
be some of them re-lining, either while standing in the same 
place as when in commission, or, as in HoUey's arrangement, 
in a separate repair house, to which these gigantic vessels are 
removed bodily. 

The slag of the process usually contains about 18 per cent of 
phosphoric acid, and on this account it is so valuable a fertilizer 

■ 

as to be a most important by-product. Its percentage composi- 
tion is approximately as follows : 



PHOSPHORIC FERROrS 

ACID "'^'^^-^ ^^'*''' MAGNESIA ^^,j,^. 



16 to 19 6 to 9 50 3 13 



In order that the phosphoric acid may be the more fully 
liberated by the humic acid, etc., of the earth, a little silicio^^ 
sand is mixed with the still molten slagf after it has been poured 
off from the molten steel. The slag is used in agriculture ^vlm 
no further preparation, save ver}- fine grinding. 

286. Darp.v's Rfxarburizing Process. — In the basic Bes- 
semer process most of the phosphorus is not removed until atter 
the carbon, probably because the lime, which is charged in sou^ 
lumps, melts and enters the slag so slowly that not until 1^^^ 
in the operation does this slag itself, i. c, the molten and effecti^'^ 
part of the slag, become so basic as to be retentive of phospho^c 
acid. Hence in making steel rich in carbon it is not possible? 
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I the acid Bessemer process, to end the operation as soon as 
iarbon in the metat has fallen to the point sought, but it 
{cessarj' to remove practically all of the carbon, then the 
IS, and then " recarburize," i. c, add whatever carbon 
xl is to contain. On account of certain objections to adding 
fearbon in the form of cast iron. Darby adds gas-carbon, coke, 
iier carbonaceous matter, which is absorbed greedily by 
UDlten steel. This process, which in careful hands yields 
r results, is much used in connection with the basic open- 
1 process, though indeed it can be used with either the acid 

: variety of the Bessemer and of the open-hearth process. 

187. Comparison of Pkocesses. — The puddling- process, 

preceded by the removal of silicon in the " refinery " 

s still widely used for making wrought iron for certain 

lal purposes which need great ease in welding: for purposes 

pring special forms of extreme ductility which are not so 

jdently expected in steel ; for miscellaneous purposes by many 

: ignorant, some very conservative: and for remelting 

e crucible process. 

I the best cutlery and tool steel is made by the crucible 

, and indeed all for which any considerable excellence is 

1 is supposed to be, tliough often incorrectly. 

But the great mass of the stee! of commerce is made by 

Bessemer and the open-hearth processes. Open-hearth steel 

perally considered better than Bessemer, and the acid variety 

1 of these two processes is thought to yield a better product 

: basic variety. Probably this is not necessarily true, 

: acid variety lends itself more readily to excellence than 

verj- large proportion of the ores of the world 

t be made to yield cast iron either free enough from phof> 

. for the acid Bessemer or the acid open-hearth procCM, 

■ of which removes that most injurious element, or rich 

in phosphorus for the basic Bessemer process, which 

riy on that element as its source of heat. But cast iron for 

: open-hearth process can be made from almost 

bice its requirements, comparative freedom from sil 

. depend on the management of tlie biast-fumaee 

I the composition of the ore, whereas ilie phoaj 

t of the cast iron depends solely on that of the ore, 

^last-furnace nearly all the phosphonis of tlie ore 
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passes into Ihe cast iron. Thus the basic opeii-hcartli process 
is the only one which can maWe merchan table steel, i. C, siee' 
containing less than o.ii per cent of phosphorus, from cast 
iron containing more than o. 10 per cent but less than 1.80 p*' 
cent of phosphorus. 

In cost of conversion the acid Bessemer process is the chcaV 
est, the basic Bessemer next, and the basic open-hearth ne^'^' 
though the difference is not very great. Next in order of cf* 
comes the acid open-hearth process. The crucible proce^^' 
finally, is far more expensive than any of the others. R^^ 
steel is almost always made by either the acid or the basic Be^*' 
scmer process. 

Between 1880 and 1901 the yearly production of open-hear^^- 
steei advanced in the United Stales from 9 to 53 per cent of th^^ 
of Bessemer steel, and in Great Britain from 24 to 205 p^^*^ 
cent. In the three great iron-making countries taken collec 

lively, Great Britain, the United States, and Germany an- . 

Luxemburg, between 1S80 and 1899 the production of aci ^^ 
open-hearth steel increased sevenfold, that of all open-heart. 
steel sixteenfold, that of the acid Bessemer process more thar 
tripled, the total production of the Bessemer converter increasec^ 
fourfold, the total production of steel fivefold, and the basi»*"^ 
open-hearth and the basic Bessemer process, which were mereljC. 
beginning to be used in 1880, in 1899 each produced about • 
as much steel as the whole world produced by all processess' 
in 1880. In these countries in 1899, 43 per cent of the total-" 
steel production was made by the acid Bessemer process, 2cc:^ 
per cent by Ihe basic Bessemer, 16,5 per cent by tlie acid opcn-^ — 
hearth, ]8,5 per cent by the basic open-hearth, and a little ovef^ 
I per cent by the crucible and other processes. 

Uechanical Treatment 

288. Defects in Steel Ingots, — These are of three chief ' 
classes — pipes, blowholes, and segregation. , 

289. Pipes. — When molten steel is cast in an ingot in a 
cold cast iron moidd. Fig. 103, its outer crust solidifies and cools 
as far as to be relatively rigid and incompressible, at a lime, T, 
when much of the interior is still molten. In the further cooling 
the molten interior, because it is at this moment, T, so mudi 
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hotter llian the exterior, has a greater range of temperature to 
pass through before becoming completely cold ; and for this 
reason the interior will in cooling undergo more contraction 
than the exterior. Bnt since the interior just filled the exterior 
at the moment T, it will not be large enough to fill it completely 
after it has undergone this excess of contraction. In particular, 
the interior undergoes much of this excess of contraction between 
the time T and the time T' when the last of the interior itself 
solidifies. Consequently at T' the solidifying interior no longer 
suffices to fill the outer crust; and on this account a deep pear- 
shaped contraction cavity or pipe is formed, as shown at C in 
Fig. 4. p. 5. 

Since this pipe is due to the difference between the rate of 
contraction of the interior and that of the exterior, it may be 
lessened by retarding the cooling of the mass as a whole, because 
this in itself lessens the inequality of cooling. Further, the pipe 



Fig. 104. D agiam Show ng a I pe so S ua ed as □ Render 
most of ihe Length of the Ingat Unsound. 



may be prevented from stretching down deep by retarding the 
solidification of the upper part of the ingot, as, for instance, 
by preheating the top of the mould, or by covering the ingot 
with a great mass of burning fuel or of molten slag. This keeps 
the upper part of the mass molten, so that it continues to flow 
down and feed the pipe during the early part of its formation in 
the lower and quicker-cooling part of the ingot. In making 
castings of steel, this same difficulty arises ; and much of the stee! 
founder's skill consists either in preventing these pipes, or in so 
placing them that they shall not occur in the finished casting, 
r at least not in a hannfu! position. In making armor-plates 
1 steel ingots, as much as 40 per cent of the metal may be 
1 because unsound from this cause. An ingot should al- 
} stand upright while solidifying, so that the unsound region 
e to the pipe shall be at its upper end, which may readily be cut 
, leaving the rest of the ingot solid. If the ingot lay on its 




368 



Iroti, Steel, and other AUgys 



side while solidifying, the pipe would occur as shown in f^**, 
104 and nearly the whole length of the ingot would be render^^ 
unsound. 

Sativeur's process. To keep the top of the ingot moU^^^ 
during the soliilification of the lower part, so that the moll<S^*7 
metal at the top may run down and fill the pipe as fast as ^^ ' 
fonns, Prof. Sauveiir connects a series of ingot moulds togetlie-^;^^ 
in a long row, in such a way that the steel overflows from th-*^ *^ 
first into the second, from this into the third, etc. Thus durin^^fcS 
the solidifying of the ingots at the beginning of the row, theie -■'' 
upper part is kept molten by the steel whidi is flowing forwarc:::^" 
to fill those at the end of the row. In applying this method icz^:^^^ 
the crucihle steel process, a natural objection would lie that, a^^ -^ 
different cruciblefuls are of different composition, this sweeping^^S 
forward from mould to mould would tend to make each ingot:*'"* 
heterogeneous in composition. This difficulty 'is to lie met by ""-^y 
mixing the several cruciblefuls in an appropriate vessel before the ^^^"^ 
pouring proper begins. 

290. Blowholes. — Iron, like water and many otlier sub- ' 

stances, has a higher solvent power for gases, such as hydrogen ''^ 
and nitrogen, when molten, 1. e., liquid, than when frozen, i. (.. — 
solid. Hence in the act of solidifying it expels any excess of gas.- ^ 
which it has dissolved while liquid, and this gas becomes en- 
tangled in the freezing mass, causing gas bubbles or blowholes. ^ 
as at A and B in Fig. 4. Since the volume of the pipe represents 
the excess of the contraction of the interior between T and T', 
any space within the ingot-crust occupied by blowholes must 
diminish by just so much the volume of the pipe, so that the more 
and larger the blowholes are, the smaller in general will the pipe 
be. 

The position of blowholes is as important as their quantiti 
The interior surface of a blowhole- which lies nearer the oi 
crust of the ingot, as at A. Fig. 4. is liable to become oxidii 
by the inward diffusion of the atmospheric oxygen, in which case H 
can hardly be completely welded later, since welding implies ac- 
tual contact of metal with metal : it thus forms a permanent flaw 
■But deep-seated blowholes like those at B. Fig. 4, are relatively 
harmless, because the subsequent operation of forging or rolling 
usually obliterates them by welding their sides firmly together. 
Indeed, a slight porosity due to an incipient formation of blow- 
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lies is desirable in case of steel which is lo be hammered or 
lied, because but for such porosity a considerable shrinkage 
,vil_v or pipe forms in the axis of the ingot, which is thereby 
iterially damaged. 
Blowholes may be lessened or even wholly prevented by add- 
ing to the molten metal shortly before it solidifies either silicon 
ir aluminium, or both; even as little as 0.002 per cent of alumin- 
usually sufficient. An addition of manganese has a like 
(effect. These additions seem to act in part by deoxidizing the 
linute quantity of iron oxide and carbonic oxide present, in part 
I'by increasing the solvent power of the metal for gas, so that even 
fafter freezing it can retain in solution the gas which it had 
dissolved when molten. But, since preventing blowholes in- 
.ses the volume of the pipe, it is often better to allow them 
form, but to control their position, so that they shall be deep- 
seated. In case of steel which is to be forged or roiled, this is 
done chiefly by casting the steel at a relatively low temperature, 
and by limiting the quantity of manganese and silicon which it 
contains. 

Brinel! finds that, for the conditions which are normal at 
is works at Fagersta, Sweden, if the sum of the percentage of 
inganese plus 5,2 times that of the silicon is as great as 2.05, 
[tiie steel will be so completely free from blowholes as to have 
m undesirably large pipe. If this sum is 1.66. there will be just 
that small quantity of minute hardly visible blowholes which, 
while sufficient to prevent any serious pipe, is yet harmless. If 
this sum is less than 1,66, blowholes will occur and will be in- 
juriously near the surface unless this sum is reduced to 0.28. He 
thus finds that this sum should be either about 1.66, so that 
the quantity of blowholes shall be hannlessly small ; or as low as 
;fi,28, so that they shall be harmlessly deep-seated. 

These numbers must be varied with the variations in other 
iditions. In general either a higher casting temperature, or a 
smaller cross-section of the ingots or the use of hot or that of 
diin-walled moulds calls for a smaller quantity of silicon and 
manganese. 

Brinell also finds that an addition of 0.0184 P^"" "^^"t of 

linium is approximately equivalent to the presence of man- 

mese and silicon in the proportions Mn -f s.aSi ^ 1.66 per cent; 

it unaided gives rise to structure B (Table 16I, Naturally, 
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lilllf or none of this aluminium remains in the steel. It oxidizes 
to alumina, which rises to the surface of the molten metal, or is 
found lining the walls of the pipe. 

Table i6 and Figs. 105 to in give some of Mr. Brinell'* 

results. 

Table 16. — Influence of Manganese and Silicon upon Blotvlwl^^ 
and Pipes. 
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Mn + 5.2).Si. 


POSITION, ETC., OK 
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Nu visible blowholes, no 
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ternal and iiilernal 
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The structures O and H are those induced by too high and 
too low a casting temperature respectively. The steel which here 
has structure O would, if cast at normal temperature, have had 
structure A. It is thought that the reason why the excessively 
high temperature causes these external blowholes is that it causes 
the carbon of the molten steel to react on the iron oxide on the 
surface of the mould, with the formation of carbonic oxide gas, 
which itself forms these blowholes. 

ifr. Erinell finds it difficult," for good reasons, to decide 
what structure the steel which here has structure H would ha' 
had if cast at normal temperature. 

The foregoing refers to steel cast in ingots to be later rolh 
or hammered, so that there is an opportunity for welding up d» 
seated blowholes. In case of steel castings, i. c., steel obji 
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Kig. 105. 

A. No blowholes but a small 
s ingot is injured by the pipe. 
+ 5.jSi = 2,os percent. 




Structure D. Fewer blowholes and 

aomewhal deeper-sealed. Blowholes 

slill harmfully near ihe surface. 

Mn + 5.jSi = 0.50 per cent. 

r m 



Struclure£. Excellenl. The blowholes 

are very deep-seated. 

Mn 1- 5.iSi = 0.j8 per cent. 




Fig. 107. 


Fig. HO. 


C. Exlerna! blowholes; no 


Siructure 0, \fany eilernal blowholes 


be ingot is injured by the 


and a pipe. The ingoi is injured by the 


Rtetnal blowholes. 


external blowholes. Cast at too high 


_-. 


a lemperilure. fiad the temperature 




been normal the airuclure would have 
been A. 
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cast ill iheir final shape, anJ therefore not subsequendy foi^ 
or rolled, there is no such opportmiiiy for closing up blowholes. 
The conditions therefore should be such that the blowholes shall 
neither be externally visible and thus disfiguring (not to say liable 
to easy detection), nor so placed as to weaken tlie casting seri- 
ously; and in general even the deep-seated blowholes arc objec- 
tionable. Further, the casting temperature often has to be ver>' 
high, in order to permit the steel to fill the intricacies of the inouW 
before freezing. 

Besides the foregoing elements, temperature, composition' 
etc., which affect blowholes, moisture in the moulds tends 1 




Siructure J/. Many externit blowholes and a ring of 
internal blowholes. Cast at loo low a temperalurc 



serious external blowholes, and this is one serious difficulty i^* 
the way of using moulds of " green," >. c, moist or unbaked sane-' 
for making steel castings. 

291. Segregation. (See §§ 76 and 77, pp. 86 and 87.) — "' 
The solidification of a large ingot of steel takes place gradually 
from without inwards, and each layer in solidifying tends lo 
expel into the still mohen interior the impurities which it contains, 
especially the carbon, phosphorus, and sulphur, which by this 
process are in part concentrated or segregated in the last freezing 
part of the ingot. This is in general around the lower part of 
the pipe, so that here is a second motive for rejecting the piped 
part of the ingot. fWhile segregation injures the metal here, 
often fatally, by giving It an indeterminate excess of phosphorus 
and sulphur, it clearly purifies the remainder of the ingot, and 



on this account it ought, under cenain conditions, to be promoted 
ratlicr than restrained. 

The following is an extreme case of segregation: 
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292. " Draft " FLurn Compression of Steel Ingots.* — In 
ihe common or Whitworth method of closing the pipes and blow- 
lioles in a steel ingot by strong pressure applied to it while solidify- 
ing, this pressure is applied to the top of the cylindrical ingot. If 
xm disturbed the ingot would contract both longitudinally and 
transversely during and because of its cooling, and the mould 
■^voukl simultaneously expand because of its heating through 
the heat which it receives from the ingot. The transverse con- 
traction of the ingot draws it away from its mould and the trans- 
■verse expansion of the mould draws it away from the ingot. 
"There is thus a double tendency to leave tiie sides of the ingot 
-unsupported by the walls of the mould. The Whitworth system 
■ortipresses the ingot lengthwise and shortens it and bulges it 
"ough to compensate both for the lengthwise and transverse 
Protraction of the ingot and for the expansion of the mould. In 
'Us bulging, the ingot acts like a cylinder of soft india-rubber 
Ijart, but only in part. For in passing from the molten to the 
■lid state the metal passes through an ititermediate mushy state, 
■^^sn it has already lost the mobility of the molten state, and has 
*t yet acquired the ductility of the solid state. It is while passing 
^'^Dugh this state that metallic castings tend to pull themselves 
•^nder, and in this stage our bulging ingot tends to act like 
* Tinhooped barrel strongly compressed lengthwise, and to crack 
•^gthwise as the staves of our barrel yawn apart. This splitting, 
^i^btless, lessens very greatly the power needed for coinpress- 
& the ingot, for the" shell of the ingot when thus split should 

• Extract from a contribution by the author to Ihe Report of the 
'*'*1 miss ion er-Genera! for the United States to the International Universal 

■*I>osition, Paris, lyoo, Vol. V. 
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offer inuch less resistance to lengthwise compression tlian il would 
if it were an unbroken annular column. A disadvantage of tlli* 
is that, when these rifts open through the shell of the ingot, the 
still molten central metal near the axis of the ingot, which hM 
been enriched in carbon and phosphorus by segregation, is forced 
through Ihese rifls to the surface, where it forms longitudfial 
ribbons of composition different from the rest of the crust. But 
for this extrusion the segregated impurities would have remained 
in the axis. If they remained there permanently they would be 
relatively harmless for most purposes, because they would be 
so dose to the neutral axis, and in many cases they would be 
ranoved when the compressed ingot was finally bored out alot^ 
its axis. In short, the bulging of the ingot leads to cracking) 
which is beneficial in that it lessens the power needed for com- 
pression, but harmful in that it allows the extmsion of the segr^' 
gated axial metal. And this bulging is due to the tendency of l'^ 
ingot to shrink away from its mould. 

This drawing away and its consequences are avoided by *" 
St. Elienne "draft-compression" process (procede de compr^^ 
sion par trefilage, Fondcries, Forges et Acieries de Saint- Eticn *^*^ 
France). In this process the ingot to be compressed is cast as C - 
frustum of a slighdy tapering cone, in a conical mould, and is tl»- 
driven along this tapering mould by means of pressure applied 
its base. Just as when we drive a tapered plug into a taper«**^ 
hole the radial pressure against the sides of the hole is vei^^ 
great ; so here the centripetal radial pressure of the sides ^^* 
the motdd against the walls of the ingot is very great; a mo^^ 
erate pressure applied to its base creates an enormous radi;^ •' 
pressure along its sides, buckling them in and forcing the met*-" 
centripetally to fill up the pipe as fast as it tends to form. 

A critical discussion of the relative merits of this system an- * 
those of Whitworth and S. T. Williams* would be beyond th* 
scope of this work. But we may note that the draft-conipres^ 
sion, if properly applied,! should avoid the extrusion effect 



•Unilcd Slates patent 331856, December 8. 1885. 

tl say if "properly applicil," because if there is to be compression^ 
and therefore draft at the lop of the ingot, the whole ingot must tiwv^ 
bodily along through the mould, and if the draft at the top of the ingo^ 
is to equal that at the bottom, the walls of the mould must not only taper* 
but must have a curved taper. 
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Aviiich is to be expected in the Withwotth process, and also 
in the Williams process if applied to large ingots; and that it 
does not or should not need by any means so great a pressure 
applied from without to the end of the ingot as that required 
for the Whitworth system; for in the draft process the increase 
in the radial pressure due to the tapering should outweigh the 
increase of the resistance due, (i) to the tapering itself, (2) to 
the ingot walls remaining unbroken instead of splitting as in 
the Whitworth process, and (3) to the resistance of the solid base 
of the ingot to radial compression. But the pressure needed should 
Ije much greater than in the Williams system, which attacks the 
ingot in a most effective way. 

293. Heating Furnaces. — Tlie introduction of the " soak- 
'' or Gjers pit and the development of the continuous or Eck- 
m tj*pe of furnace have been of great importance. When the 
outer crust of a large ingot in which a lot of molten steel has been 
cast has so far cooled that it can be moved without breaking. 
the temperature of the interior is still far above that suitable 
for rolling or hammering — so far above it that the surplus heat 
of the interior would more than suffice to reheat the now cool 
crust to the rolling temperature, if we could only arrest or even 
greatly retard the further escape of heat from that crust. Bring- 
ing such an ingot, then, to the rolling lemperature is not really 
an operation of heating, because the average temperature of the 
ingot is already above the rolling temperature, but one of equal- 
izing the temperature by allowing the internal excess of heat to 
" soak" through the mass. Gjers did this by setting the partly- 
soJidified ingot in a well-closed " pit " of brickwork, preheated 
°y the excess-heat of previous lots of ingots. The arrangement, 
shown in Fig. 112, has three advantages, {\) that the teni- 
P^'^atnre of the ingot is here adjusted with absolutely no con- 
^'I'Tipiion of fuel; (2) that the waste of iron due to the oxidation 
°^ the outer crust of the ingot is very slight, because the little 
^t'Tiospheric oxygen initially in the pit is not renewed, whereas 
'" a common heating furnace the flame brings a constant fresh 
^*^Pply of oxygen; and {3) that the ingot remains upright during 
^•^Hdification, so that its pipe is concentrated at Us upper end, 
^^Hich can be cut off. fSee § 289, p, 367.) In this form the 
System is rather inflexible, because if the supply of ingots is de- 
^aytid the pits grow unduly coi^!, sn that llic next ensuing lot of 
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ingots either is not heated hot enough or is delayed too long i' 
soaking. This detect is now usually remedied by heating th 
pits by the Siemens regenerative system (see § 276, p. 350I; it 
greater flexibiUty thus gained outweighs both the cost of the fu 
used and the increased loss of iron by oxidation by the Sianei 
gas flame. 

The Gjers system is not applicable to small ingots or "b 
lets," * because they lack the inner surplus heat of large ingot 
indeed, they are now allowed to cool completely before rollir 
To heat these on the intermittent plan for further rolling, i- 
to charge a lot of them as a whole in a heating furnace 



Soaking Pit. 



them as a whole to rolling temperature, and then withdraw th« 
as a whole for rolling, is very wasteful of heat, because it is ot 
in the first part of the heating thai the outside of the ingots 
cool enough to abstract thoroughly the heat from the flam 
during all the latter part of the heating, when the temperatu 

• Billets are bars from a to 6 inches square, an intermediate prodt 
inio which large ingots arc rolled, to be further rolled into wire roi 
sheets, small round and square rods, etc. 
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of the ingot has approached that of the flamt, oiih' an ever 
smaller part of the heat of that flame can be absorbed by tht 
ingots. Hence in the intermittent system most of the heat gen- 
erated within the furnace escapes from it with the products of 
combustion. The contiimous heating system (Fig. 113), recovers 
tliat heat by bringing the flame into contact with successively 
cooler and cooler billets, A — F, and finally with quite cold one*, 
of consequently great heat-absorbing capacity. 

As soon as a hot billet A is withdrawn by pushing it endwise 
out through the exit door B, the whole row is pushed fomard 
by a set of mechanical pushers C, the billets sliding on the raised 
water-cooled pipes D, and, in the hotter part of the furnace, on iht 
magnesite bricks E, on which iron slides easily when reii-hoi. 
A new cold billet is then charged at the upper end of the hearth, 
and the cycle begins by pushing out through B a second billet, 
and so forth. To lessen the loss in shape of " crop ends " and 
for general economy, these billets are in some cases 30 feet long' 
as in the furnace shown in Fig. 113. It is to make this furna'^ 
wide enough to receive such long billets that its roof is suspend*"' 
as here shown, by two sets o£ iron tie-rods. 

As the foremost end of the billet emerges from the fum^*^ 
it enters the first of a series of roll-trains, and passes immediate* ' 
thence to others, so that before half of the billet has emerged If^^ 
the furnace its front end has already been reduced by roUingf ' 
its final shape, that of merchant-bars, which are relatively tl'"*'" 
round, or square rods, in lengths of 300 feet. 

In the intermittent system the waste heat can. it is true. 
utilized either for raising steam (but inefficiently and inc^*^ 
veniently because of the intermitteney). or by a regeneraC^- *' 
method like Siemens : but this would probably recover less h- ^ 
than the continuous system, first, because it transfers the It- 
from flame to metal indirectly instead of directly; and, 
because the brickwork of the Siemens system is probably a poo- 
heat-catcber than the iron billets of the continuous system; -r:^'" 
when brickwork as a heat-catcher is compared with cold ic^'''y^ 
its disadvantages of low conductivity and low specific heat pn 
ably outweigh its advantages, roughness and porosity. 

294. The CoNTiNUOtts Rolling-mill, — The use of W-^ 
continuous or Bedson type of rolling-mill has been much &'^' 
tended, so that it receives billets as large as 4 by 5J4 inches, aJ™ 
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rolls sheets, skelp, merchant-bars, cotton-ties, and other iniporiaiit 
products. In this system several roll-trains stand one behind an- 
other in column (as distin^islied from the usual arrangement 
in line), so that the forward end of a given steel billet, which is 
under treatment, passes immediately frcmi one pair of rolls into 
the next, and so on, and emerges from the last reduced to a 
diameter of say three-quarters of an inch, before the rear end of 
the same billet has entered the first pair of rolls, or indeed has 
emerged from the furnace in which it has been heated for rolling. 
By practically eliminating the loss of time between the successive 
reductions, large billets can be rolled at one operation into small 
rods of great length, so that the proportion of metal wasted in 
the form of crop ends is greatly reduced. Once the rod is so 
very thin as to be flexible, further reduction may be made by 
the Belgian system, in which the successive roH-trains stand in 
line instead of in coliunn, and the front end of the rod as it 
emerges from one pair of rolls is turned 180" in a loop by hand 
or mechanism, and so returned to undergo another pass in the 
same train. By a combination of these two systems, as developed 
by C. H, Morgan and W. Garrett respectively, billets 3 inches 
square are rolled at one operation into bars three-quarters of an 
inch in diameter and about 230 feet long. 

295. Hammers ajjd Hydraulic Presses. — The demand for 
very large forgings, especially for armor-plate and ordnance, has 
led to the erection of enormous steam-hammers. The falling parts 
of the largest of these, that at Bethlehem, Pa., weigh 125 tons. 
But even so great a hammer is an ineffective tool for making 
large forgings, chiefly because the effect of its blow is concentrated 
on the outside of the forging, and does not penerate well 
towards the interior; indeed the days of large hammers seem 
to be over. The use of this particular one has been abandoned 
for that of an enormous hydraulic press which exerts a 
pressure of 14,000 tons. It is moved by water under a pressure 
of 7000 pounds per square inch, supphed by pumps of 16,000 
horse-power. For forging shafting and other objects not readily 
made in rolling-mills, because their cross-section is not unifonn, the 
hydraulic press seems to be firmly established as by far the most 
efficient tool. But though the great 14,000-ton Bethlehem press 
is used with great success for forging annor-plate also the cross- 
section of which is uniform, the rolling-mill certainly has special 
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merits for sucli a purpose, and with it all of Krupp's armor -pL .^it 
is now made. The rolls of this great armor-plate mill are 4 €^^ 
in diameter and 12 feet long, and can receive an ingot 4 feel ihi.*rl« 

Statistics 

296. Cost of Manufacture. — There has been a remax"*^" 
able reduction in the cost of iron and steel manufacture, a f e%v 
examples of which, taken from American practice, are given »" 
Table 17. Here we find a reduction of some 35 per cent '" 
total cost and an even greater reduction in the cost of latx^*"- 
reaching in one case even 54 per cent in a period of from sev^^ 
to ten years. The reduction in the cost of labor has been brougr*'"^ 
about by improvements in administration and by mechanical appl*' 
ances, and not by reduction of wages, .'\ccording to Mr, CarnegT*^' 
in one of the largest American steel works the average wages *^ 
1900 for all persons paid by the day, including laborers, mcchani*^*' 
and boys, were more than $4 a day for the 311 working da.>'S- 
How economical the methods of mining, transportation, and malt"" 
facture have become is shown by the fact that steel billets ha'*'^ 
sold at $13.96 per ton, and in very large quantities at $15 per toOt 
in the latter case, according to Mr. Carnegie, without further !«:>** 
than that represented by interest, although the cost of each tt>o 
includes that of mining 2 tons of ore and carrying them ioC»o 
miles, mining and coking 1.3 tons of coal and carrying its coJ*^^ 
50 miles, and quarrying one-third of a ton of limestone and cai^O''^ 
ing it 140 miles, besides the other items of expense in smeltif ^ 
the ore, converting the resultant cast iron into steel, and rolti**^ 
that steel into rails. 

Table rS shows the reduction in prices. The price of wrougr'^* 
iron in Philadelphia reached $155 in 1815, and. after declining '"^ 
$80, again reached $115 in 1837. Bessemer steel rails sold at $17"* 
in the depreciated currency of 1868, at $^17 in 1898, and at S^^ 
in 1901. Note that these are extreme prices, while those . ■" 
Table 18 are yearly averages. 

297. Increase in Production. — In 1810 the United Stat^* 
made about 7 per cent, and in 1830, 1850, and i860 not far iro"* 
10 per cent of the world's production of pig iron, though. inde^Of 
in 1820 their production was only about one-third as great as '" 
1810. But after the close of the Civil War the production i"" 
creased by leaps and bounds, till in 1901 it was nineteen times a* 
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great as in i86ff; and the percentage which it formed of the world's 
production rose to some 14 per cent in 1870, 21 per cent in 1880, 
ard 34 per cent in 1899 and 1900. Between 1880 and 1901* | 
though the British production increased only 21 per cent, that of | 
the United States more than quadrupled, that of Germany and 
Luxemburg nearly tripled, and that of tlie whole world* more 
than doubled. The corresponding changes in case of steel are even 
more striking. The United States production in 1901 was nearly 
1000 times that of 1865; and the proportion of the world's steel 

Table 18. — Reduction in Price of Certain Products. 



1837. 
1850. 
1S65. 
1870, 



■898. 
1899. 
1900, 



January 
February 
Novcmtiei 
April . 
Average 



Si 58.50 • 

106.7s 
67.50 
3 '-75 




„S.^^ 



which it formed rose from 3 per cent in 1865 to 10 per cent i 

1870, 30 per cent in 1880. 36 per cent in 1890, and 38 per cer« 

in 1900. Between 1880 and 1901 the production of Great BritaS 

has increased to nearly four times, and that of the United Stat^ 

to nearly eleven times, their respective productions in 

has been already indicated, of the combined wrought iron and slet^"^^ 

of the United States, steel formed 2 per cent in 1865, 37 per ceiT* , . 

in 1880, but about 85 per cent in 1899. The age of iron ir-* ' 

these nineteen years gave place to the age of steel. 



The per capita consumption of iron in Great Britain, excluding 



*^S 



'xports, has been calculated as 144 pounds in 1855, 250 pound .t^-*^ 
n 1890, and 292 pounds in 1900, that of the United States 

• This assertion as to ihc increase in the world's 
in the production for 1900, because that for 1901 is not 
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62 pounds for 1850, 318 pounds for 1890, 387 pounds for 1900 and 
464 pounds for 1901, or seven and a half times that of 1850. 
Among the chief causes of this increase in the consumption of iron 
by the human race we may recognize, in addition to the general 
advance in wealth and civilization, the increasing diversion of 
mankind from agricultural to manufacturing, 1. e., machinery- 
using, occupations — and nearly all machinery is necessarily made 
of iron ; the displacement of wood by iron for ship and bridge 
building; the great extension of the use of iron beams, columns, 
and other pieces in constructing buildings of various kinds; the 
growth of steam and electric railways; and the introduction of 
iron fencing. 

The increased importance of Germany and Luxemburg as 
producers of iron may be referred in large part to the invention of 
the basic Bessemer and open-hearth processes by Thomas, who 
by them gave an inestimable value to the phosphoric ores of these 
countries. That of the United States is due in part to the growth 
of its population ; to the introduction of labor-saving machinery in 
iron manufacture; to the grand scale on which this manufacture 
is carried on ; and to the discover^' of the cheap and rich ores of 
the Mesabi region of Lake Stiperior. But given all these, the 
thousand miles which separate the ore fields of Lake Superior 
from the cheap coal of Pennsylvania would have handicapped the 
American iron industry most seriously but for the remarkable 
cheapening of transportation which has occurred. As this in turn 
IS due to men of the class which developed the iron industry, it can 
lardly be questioned that, in further analysis, this development 
"must in considerable part be referred to racial qualities. The same 
3S true of the German iron development. 

We may note with interest that the three great iron pro- 
ducers so closely related by blood — Great Britain, the United 
States, and Germany and Luxemburg — made in 1900 77 per cent 
«f the world's pig iron and 79 per cent of its stee! ; and that the 
iour great processes by which nearly all steel and wrought iron 
■sre made — the puddling, crucible, and both the acid and basic 
"X'arieties of the Bessemer and open-hearth processes, as well as 
the steam-hammer and grooved rolls for rolling iron and steel — 
"Were invented by Britons (if we may count Sir C, W. Siemens 
^s one), though in the case of the open-hearth process. Great 
Britain must share with France the credit of the invention. 
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CHAPTER XII.— THE BLAST-FURNACE 



298. The Blast-furnace is an enormous shaft, in many 
cases as much as 100 feet high and 25 feet maximum inside 
diameter. Its general fonn is shown in Fig. 89, p. 334, but the 
details of that form varj' according to local conditions and mof^ 
especially traditions. 

The furnace is at all times full from top to bottom o* * 
column consisting of coke or otlier fuel, limestone, and iron *t' 
(Fig. i 14, p. 386) ; though, as \vi!l be explained shonly, the lo^*^^' 
part of this column consists of fuel only. The ore, flux, and f ^ 
are charged through a hopper at the lop of the furnace, and fo''" 
a continuous column extending from the top to the bottc:^^' 
Through openings called tuyeres at the bottom of the fum. -^^^ 
a powerful blast of air. usually highly preheated, is introduc^^' 
this burns the fuel, thereby generating an intensely high i^^^^' 
perature, sufficient to melt the ore. the iron of which has. by "*''^ 
time it has descended to this region, become reduced to "*"' 
metallic state. Thus the whole column of solid materials desccK"^''* 
slowly as its lower end is eaten away, the fuel which it conta^ '"* 
being burnt away by the blast, and the rest of the material be» "S 
melted away by the heat from the combustion of this fuel. 

Some suggestion of tliis condition of things may be had ir^'^ 
Fig. 114, which shows the lower part of the furnace. Above ' 
" fusion level " are seen lumps of coke and other lumps of ^ 
and of hmestone {also shown here in lumps, but actually 
powder) : but shortly below that level no solid matter exc -^^P^ 
the coke is shown, because at that level the temperature is so h* 
that everything, except the coke, melts and runs down in drc=^P* 
to collect at the bottom of the furnace, somewhat as here sketche*"^^" 

■It would naturally be supposed that the lower end of Ihc sC^^^^'* 
column of ore. coke and limestone would necessaiily extend down throu--^^ 
the molten Iron and rest upon the very bottom of the furnace, being ll^"^' 
pressed down by the enormous weight of the eohimn ilseH. 

It is immaterial for our present purpose whether the coke exicr"^* 
down to the very bottom, or simply extends down and dips into the sl^^' 
in either ease the coke is here in a position to exert an extremely power*™ 
deoxidizing tendency upon the slag, and to carburiie the molten ii"^ 
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liis sketch must be taken as diagrammatic only. In particular 
; ore and the lime (to which the original limestone has been 
rhanged during its descent) should be shown in powder instead 
)f in lump form, for it is probable that neither ore nor lime 
■emains in lump form in this part of the furnace, but that both 
lave been burst into powder before they reach this level. This 
lowdered slate, however, I see no easy way of representing; 
ndeed, the dynamic conditions in general which exist here, the 
violent uprush of gas and the true shape of the falling stream of 
nolten material, are beyond my pictorial powers. 

In addition to this descending column of solid material we 
lave an ascending column of hot gases. The oxygen of the blast 

■nergelically. as the laiier trickles in fine streams over the column of 
oke between llie fusion level and the pool of molten slag and iron. 

It may not be amiss, however, to say that some metallurgists believe 
hat the coke does not extend down through the molten iron, supporting 
hejr belief by calculations based upon the cubic contents of the hearth 
>i the furnace, and the quantity of molten metal and slag which runs out 
t each lapping. Of course, if the coke extended down so as to rest 
ipon the bottom of the furnace, it would occupy at least half the room 



ti the hearth, and ■ 
ble for storing the 
ble that I he < 
hits appear to hang i 
ilace. The common 
nd therefore cannot 
ban water; but if i 



lid diminish therefore very greatly the room avail- 
1 iron aad slag. At first sight it seems improb- 
'eight of the solid column of materials should 
the air like Mahomet's coffin, without soliiF resting 
explanation that coke is lighter than molten iron 
submerge in it, is incompetent. Wood is lighter 
i: had at the bottom of a blast-furnace a pool of 
) feet deep, and filled the blast-furnace to the top with lumps 
if wood, the overlying wood would press the lower part of the column 
lown into and through the water, so that it would rest on the furnace 

ell Mr. J, E. Johnson, Jr., offers an explanation which is certainly 
ble. It is as follows : ' 

>rt of the weight of the overlying column of materials is sustained 
friction of the walls, and especially by their jamming or scaf- 
folding action; and most of the rest appears to be sustained by the fric- 
tion of the tip ward -pa 5 sing column of hot gases. The actual fall in the 
pressure of this column of gases in passing from the bottom to the top 
of the furnace is so great as to show th.tt the friction of the passing gases 
does a large part of the work of supporting the column of solid materials. 
The case is somewhat like that of a gas blown through a porous plug. 

It is thought not amiss to present this matter here, as indicating 
to Ihe student the caution which must be used in speculating about the 
condition of affairs themselves invisible, even though at first sight they 



wem simple. 



iniroduced at llie tuyeres is quickly converted into carbonic oxide 
by its reaction with the carbon of the fuel which it there meets. 
For our present purpose it is immaterial whether this conversion 
is a direct one bv the reaction 



(25) C + O^CO; 
carbon at first burns 

(26) C + 2O — CO.. 



■ whetl<er the carbon at first burns to carbonic acid by the 
action 



jud this carbonic acid is immediately reduced to carbonic oxide 
f the coke which it meets, by the reaction 

(27) CO, + C = zCO. 

Mffice it that, very soon after entering the furnace through tlie 
tyeres, the atmospheric oxygen has been converted into carbonic 
Xide. which, together with the atmospheric nitrogen of the blast. 
ureeps up through the furnace in enormous columns at great 
elocity. We must thus recognize two columns moving in opposite 
Erections: a solid column of ore, flux and fuel descending very 
slowly, and a swiftly rising column of hot gases. Any given 
lump of the solid material passes through ihe furnace in about 
J2 to 15 hours, while any given particle of oxygen or nitrogen 
gitering at the tuyeres passes through and quickly escapes at the 
, its passage occupying probably only a small fraction of a 
inute. 

The iron ore always contains beside iron oxide a considerable 
tntity of silicious or earthy material called gangue, and the 
Ibel also contains a certain amount of ash. These materials, the 
gangue and the ash together with the lime of the limestone, unite 
to form a single molten mass, the slag, which floats on top of 
the molten iron. Two deep holes are provided at the lower end 
of the furnace, one, called the tap-hole. A, Fig. 114. at its very 
bottom for drawing off the molten iron at intcr\'als ; and the other, 
called the "cinder-notch" (Fig. 114), a very little above this, 
for drawing off the molten slag. Tliese holes are closed with 
plugs of clay, except at the time when the molten materials arc 
drawn through Iheni. 

While these two columns, the descending solids and the as- 
cending gases, pass each other, and the hot gas is sweeping up 
Swiftly, the initially cold, solid materials descending slowly, the 
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heat of the gaseous column is recovered by being transferred to tiie 
descending soUds. so that, although the temperature of the gases 
in (he neighborhood of the tuyeres is above 1600'' C. ihe 
temperature of those which escape from the top of the furnace is 
only about 300° to 400° C. Owing to the fact that the fuel is 
burned in immediate contact with the solid materials which it is 
to heat, and that the products of its combustion are thoroughly 
cooled in their long upward travel in which they are exposed lo 
cooler and cooler masses of descending solid materials, the ther- 
mal efficiency of the blast-furnace is very high. 

299. Chief Functions of the Blast-furnace. — The ore ] 
consists of iron oxide plus silicious or earthy materials, i f^ 
gangue. It is the duty of the blast-furnace: 

( I ) to deoxidize the iron, 

{2) to carburize it, 

(3) to melt it. 

(4) to scorify the gangue, 1. c, to convert it into a fusiE: 
slag, and melt that slag. 

(5) to deliver the molten iron and slag as two separ* 



j^ 

To carburize the iron is essential, because it is an essent^ — , 
feature of the process that all its products shall be in a fluid concJ^^'^^ 
tion. and the iron cannot be melted unless it is first carburize^' — ■ ' 
or, if melted, it would not be sufficiently superheated beyond i 
melting-point to be readily cast into pigs, or transported in tlS"^^*^ 
molten state for further treatment. 

The gangue of the ore consists of course of whatever minera^^"'"' 
nature has placed there. The composition of the gangue vari> 
greatly, but it rarely happens that it is suitable to the needs » "* 
the process. The ash of the fuel is also a part of the slag-makir^ •"? 
materials, and it further rarely happens that the composition ■ °' 

these two substances, gangue and ash, taken jointly is suited 
the needs of the process. 

Let me turn aside here to explain what is meant by " t 
needs of the process." In order that the process shall proct 
properly, it is essential that the slag shall have certain physical a — 
chemical properties ; it must be of the proper fusibility, it m*^ 
be rich in lime, it must be fluid enough to run out through ~^ 
narrow aperture provided. Therefore the slag must have sue*" 
composition as will cause it to have these properties. NoW 




ron^feel, and oilier Alloys 



389 



rardy happens that the natural slag-making materials, t'l's., the 
gangiie ot" the ore plus the ash of the fuel, jointly have this suitable 
composition. Taken jointly, they generally have .much less lime 
than such suitable composition requires. This natural deficit of 
lime is compensated for by adding to the charge a carefully pre- 
determined quantity of limestone (calcite, CaCO,). A materia! 
thus added to give to the slag a proper composition is called a 
'■ flux." 

Under these conditions when fusion sets in the three slag- 
making materials, gangue, ash, and lime of the flux, unite and 
form a single molten silicate, a silicate jointly of lime and of more 
or less magnesia and alumina. These are the slag-making ma- 
terials, t. c, these are the materials which, on fusion, will unite 
to fonn the slag, or in other words will scorify. Tlie reason that 
they are is that they are the only oxidized bodies present in this 
region of fusion. When fusion takes place all oxidized bodies 
will unite into one mass, the slag; and this slag will reject from 
itself the molten iron as water rejects oil, because this is not an 
oxidized b,ut an unoxidized body. With this molten metallic iron, 
tnoreover. will unite any other unoxidized substances present. 
Thus the molten iron will absorb any manganese, pliosphorus and 
silicon which have been deoxidized and brought to the condition 
of metal or metalloid ; and it will also absorb some of the carbon 
of the fuel, over which it runs on its way from the fusion level, 
at which it melts, to the hearth where it collects as a molten mass. 
Eiit the molten iron appears to be capable of dissolving only a lim- 
ited quantity of carbon. At least it does not appear to absorb 
nmch more than the 4 or 5 per cent of carbon which suffices to 
saturate the iron after it has solidified, although the conditions 
for such absorption seem excellent, in view of the extended con- 
tact of the fine streams of molten iron with the soHd fuel over 
which they run in the lower part of the furnace. 

The fact that the slag which results from the union of gangue, 
ash, and flux, fonus a distinct and separate body from the molten 
iron, is in harmony with the general principle on which most 
iTietallurgical operations are based, that oxidized bodies in a state 
of fusion will not coalesce or unite with unoxidized ones.* 

•If the student will run ihrough in his mind the instances of chem- 
ical combination with which he is familiar, he will find this principle of 
•x^ide application. Thus, on one hand he is familiar with the union of the 
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It is through this principle that most of our stparatiod^^^H 
metallurg)- lake place. Of the substances to be sejtarated Rot^ 
each other, certain ones are brought to the unoxidized metallic 
(or metalloidal) stale, the others remaining in an oxidized condi- 
tion. On fusion the oxidized bodies in general coalesce into a 
single mass, and the unoxidized into another single mass. Like 
water and oil, these two masses reject each other and separate 
into two distinct layers, of which the oxidized one is generally 
the lighter and floats on top in the form of a slag or cinder. 

This principle, of course, is not a universal law but simply 
a grouping together of certain important cases. A verT.' important 
exception to this principle is that of sulphide of calcium, which 
although an unoxidized body, does not coalesce with the molten 
iron, but appears to dissolve in the slag, as we shall see. 

common acids with the common oxides: and on the other hand with the 
union of the tneials with each other to form alloys, especially of Che metaU 
with mercury to fonn atnalffanu, with sulphur to form sulphides, with 
phosphorus to form phosphides, with arsenic to form arsenides, and in 
some cases strikingly with carbon to form carbides, etc. Even the tnetals 
like platinum, which resist the attack of acids, unite readily with otbtr 
metals and with metalloids. Platinum, though it is so resistant a materiil 
in the wet way, in the dry way in which it is exposed to other metals 
and to silicon (through the reducing action of carbon on silica) is in 
the highest degree destructible, i. e., it alloys or combines readily with 
these unoxidized substances. 

Of course these unions are not to be confounded with the reactiotf* 
in the wet way between the metals themselves and oxidiicd bodies, sucz:^ 
as acids and high metallic oxides. For these reactions are in general cas^^ 
not of direct union, but of substitution. The metal replaces the hydrogi^^*' 
of the acid, and does not combine directly with the acid as such. Irx^^^ 
does not unite with sulphuric acid as such: it reacts upon sulphuric »ad^ =■ 
Indeed from this present point of view, it is not the metal but an osi"- J~"^ 
of the metal which here enters into union, when the tnetal is attacked V 
an acid. It is iron oxide rather than iron which, from this point of vie' ^ 
enters into union and forms ferrous sulphate Thus, of course, nia«J 
oxidized bodies can react on unoxidized ones, and from such a reactiw i 
a union arises : but we may regard this union as itself between certa^^ 
products of the reaction. In any given cases it will in general be ti — ^" 
that the products which thus unite are either all oxidised, or all unoxidii^' - 
But when oxidized bodies (acids and metallic oxides, etc.) arc brou^^H 
together direct union habitually occurs, and substitution is by no me :— ^ 
generally essential; and so. too. when unoxidized bodies (molten mct ^ ^" 
or metals with sulphur or carbon) are brought together, there is liabitu^^^/5' 
direct union, and substitution is not in general essential. 
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300. Functions of the Fuel. — From what has gone be- 
we we see that the fuel has three functions : 

(i) To reduce the iron oxide to the metallic state. 

(2) To carburize the deoxidized iron and thus make it fusible. 

(3) To heat and melt both the metal and the slag-making 
substances. 

The scorification of the gangue and ash require first flux 
to form with them a fusible compound of proper composition, and 
secondly fuel to heat and melt it. 

301. Chemical Reactions in the BLAST-FtJRNACE. Re- 
duction OF THE Iron. — Very soon after the ore lias entered 
the top of the furnace it becomes hot enough to be attacked by 
the carbonic oxide of the rising column of gas in which it finds 
itself immersed, and its iron is deoxidized by a reaction of which 
the following is a type : 

( 18) Fe,0, + 3CO = 2Fe -|- 3CO,. 

But carbonic oxide is a feeble reducing agent. Indeed, if a pol- 
ished knife blade is exposed at a red heat to carbonic oxide it is 
slightly blued, i.e., superficially oxidized by that gas; and of 
course a gas which is capable of oxidizing iron itself is incapable 
of completely deoxidizing iron oxide. In point of fact deoxidiza- 
tion of the iron at or near the top of the furnace by the gas is in- 
complete, and it goes on only until an equilibrium between the 
four substances, (i) iron oxide, (2) the resultant iron, (3) car- 
bonic oxide, and {4) the resultant carbonic acid (from reaction 
18). has been reached or closely approached. 

The conditions of this equilibrium doubtless vary with the 
temperature, but they never correspond to complete deoxidation. 
^s the ore descends farther and farther, the ascending carbonic 
Oxide which it meets has, of course, been less and less impoverished 
by the carbonic acid resultant from the above reaction: so that 
^S the ore descends in the furnace the condition of the equilibrium 
l>rogressiveIy changes, and corresponds to more and more complete 
<3eoxidation. Nevertheless, at a certain and often rather short 
cJistance from the top, deoxidation nearly ceases. 

On the other hand, as the rising gases approach the throat the 
Successive layers of iron ore with which they come in contact 
Have been less and less deoxidized, and therefore they carrj' the 
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oxidation of the carbonic oxide farther and farther, 
words liie ratio 



CO 



other . 



progressively increases as the gases rise nearer and nearer to ihe 
lop of the furnace. The higher this ratio the more completely is 
Ihe carbon of the fuel utilized in the work of deoxidation, and 
this ratio is taken as a measure of the fuel efficiency of the 
furnace, 

302. The METALLURGiCAt. Management of the Blast- 
furnace. — In considering this subject, instead of trying to con- 
sider all the matters which come under it, let its fix our attention 
carefully on certain of these, which are selected as showing the 
kind of considerations which the manager has to have in mind. 
Of course, his ulterior purpose must always be to make money for 
his employers : this he will try to do by a great variety of admin- 
istrative measures which are beyond our present enquin,-; and, 
as regards what we may call the metallurgical management, by 
making as much pig iron per diem as he safely can, by regu- 
lating carefully the composition of the pig iron, by using the small- 
est possible quantity of coke, etc., etc. 

Our present enquiry will concern itself chiefly with the in- 
fluence of certain important variables, which are under the man- 
ager's control, upon the composition of the pig iron, and more 
particularly upon the percentage of silicon and of sulphur which 
it contains. We will consider these variables chiefly as influenc- 
ing the strength of the deoxidizing conditions, and through this 
the silicon and sulphur-content of the pig iron. 

303. Importance of the DEoxmiziNG TENDENaES. — The 
great importance of this question of deoxidation is readily seen. 
We may look at it under several different aspects. 

First, the imponance of deoxidizing the iron of the ore com- 
pletely is self-evident, since any iron not deoxidized would remain 
in the slag and would thereby be lost, for there is no ready means 
of recovering iron from the slag once this has escaped from the 
furnace. 

But quite apart from the recoven,- of the iron itself, thorough 
deoxidation is important for another reason. The lining of ihc 
blast-furnace is made of fire-brick, which is essentially a silicate 



1 siucate I 



Iron, Steel, and other Alloys 

This fire-brick quickly becomes saturated wilh finely 
[ivided carbon deposited on it by means of the reaction : 

(29) 3CO = C -i- CO, 

ind but for tliis skeleton of carbon it is probable that the brick- 
rork would quickly be destroyed by being melted away by the 
Jag, A slag free from iron oxide has comparatively li^ttle action 

1 fire-brick, at least when thus impregnated with carbon, and 
rhen cooled from without as the lower part of the furnace now 
llways is. But if the slag contains any considerable quantity of 
1 oxide, as would necessarily be llie case if the deoxidation of 
he iron was incomplete, this iron oxide oxidizes and so removes 

e carbon thus deposited in the brickwork by the reaction ; 

{19) FeO + C^CO + Fe. 

this lea\'es the brick itself naked to the slag. Such a slag quickly 
jrrodes the brickwork, for the simple reason that iron oxide forms 
Lvery fusible compound with silica and alumina. Thus it happens 
iat if the deoxidizing action of the furnace is insufficient, and 
I considerable amount of iron escapes dco.\idalion and passes into 
c slag, giving it the familiar black color of the ferrous silicates, 
s slag actually quickly corrodes the brickwork ; and from this 
t such a slag is called a " scouring cinder." 
A further reason why the strength of the deoxidizing action is 
mportant, is that through it Uie manager is able to regulate the 
chemical composition of the resultant pig iron. In general, the 
stronger the reducing action the larger will be the proportion of 
silicon and the smaller will be the proportioji of sulphur which 
' J iron wilt contain. 
Any increase of the strength of the reducing action will also 
Bid to reduce more completely the phosphorus and manganese of 
e ore, and so to cause a larger proportion of these two elements 
&pass into the pig iron. These elements exist in the ore chiefly 
■I the state of phosphoric acid, PjOj, and manganic o.xide, MnOj, 
I they can he deoxidized by reactions such as the following: 



(16) P,0, + 5C = 

(17) MnO. + aC: 



5CO + 2P. and 
= 2CO + Mn. 



We need not, however, in our present stndy look at the ef- 
( of variations in the reducing action on the phosphorus and 
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manganese, for the reason that under the majority of conditions 
the blasc-funiace manager regulates the manganese and phos- 
phorus-content of his cast iron by regulating the quantity of these 
two elements wliicli the ore itself contains, rather than through 
the variations of the management of the furnace. I do not here 
refer to the making of spiegeleisen or ferro-nianganese. or other 
special kiiids of cast iron, but to that of the common classes of 
cast iron which contain no verj- large quantity of manganese. 

But when we come to the sulphur and silicon-content of the 
cast iron, tliis is something which the manager regulates to a 
very great extent by the manner in which he conducts the smelting 
operation. Of the silicon present in the ore as silica only a very 
smalt proportion in any event passes into the pig iron ; but the 
variations in this proportion have the most profound effect upon 
ilie properties of the cast iron, and these variations are under tlie 
control of the manager so that from one and the same ore mix- 
ture he can make cast iron almost wholly free from sihcon, or on 
the other hand cast iron containing much sihcon. 

So, too, by no means the whole of the sulphur present in the 
ore or fuel enters the cast iron, and of course the less the better. 
And by varying tin; management of the blast-furnace the manager 
is able to control to a ven.- great extent the percentage of sulphur 
which does enter the cast iron. 

The way in which the silicon -content of the pig iron is con- 
trolled is through controlling the deoxidation of the silica of tlie 
gangue and ash. This deoxidation takes place readily by reactions 
such as ^^^^ SiO, + 2C = Si + zCO: 

and any silicon which is reduced is immediately absorbed by the 
molten iron present. Indeed, this reaction does not readily take 
place in the absence of iron; hut if iron is present to absorb the 
rcsullanl silicon the reaction is readily effected. 

Thus, by controlling the strengtli of the deoxidizing condi- 
tions the manager can control the extent to which reaction (15) 
takes place, and thus the quantity of silicon wliich is formed, and 
thus finally the percentage of silicon which enters the pig iron. 

We have already seen {§ 184, p. 208) that the presence of 
silicon favors the separation of carbon in the condition of graphite, 
and thus leads to the formation of gray cast iron. In short, for 
foundry purposes the presence of a certain amount of silicon, but 
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only a certain amount, is desirable. In the processes for convening 
cast iron into steel the quantity of silicon which tliat iron contains 
is in general a matter of first importance. On both these accounts 
then it is important to regulate the quantity of silicon which the 
cast iron is to contain, or in short to regulate the strength of the 
deoxidizing action, since it is this action that determines how much 
silicon shall be deoxidized and enter the iron. 

While the sulphur-content, too, of the pig iron is regulated by 
the same general steps, yet the principle through which these 
steps work is strikingly different. There is no general agreement 
as to the theory of this operation, yet we may adopt as a working 
hypothesis that it is through influencing the degree of deoxidation 
that these steps regulate the sulphur-content, and that the way in 
which they influence it is through controlling the degree to which 
the following reaction takes place : 

(30} FeS -i- CaO + C = Fe + CaS + CO. 

This reaction is clearly one of deoxidation ; it is not, however, de- 
oxidation of sulphur but of calcium, with the substitution of cal- 
cium sulphide for iron sulphide. How this substitution lessens 
ihe sulphur- con tent of the pig iron will now be explained. 

The sulphur is initially present in the ore in the condition of 
sulphide of iron, and in most cases as pyrites, FeS.. One of the 
equivalents of sulphur of the pyrites is nearly or quite completely 
expelled by heat: but the second remains combined with the iron 
as FeS. It appears to be a general principle of wide application 
that metals are capable of dissolving small quantities and even in 
certain cases large quantities of their own oxides and sulphides, 
but that they have much less solvent power for the oxides and sul- 
phides of other metals. Accordingly if the sulphur remained in 
the condition of iron sulphide it would dissolve in the cast iron. 
which would thereby be injured. We can prevent this by reaction 
(30), I. e,, by causing the sulphur to combine with calcium as cal- 
cium sulphide, which does not dissolve in the iron, but passes into 
the slag ; and the thoroughness of desulphurization depends upon 
the degree to which this reaction takes place, i. <."., upon the extent 
to which calcium is deoxidized, and this depends in turn on the 
strength of deoxidation. 

I am quite aware that this theorj' does not explain all the 
facts; but, in default of a better I give it as one which explains 
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a great many of them, and is consistent and intelligible. It ap- 
pears to me probable that the further facts which this theory does 
not explain are due to some additional agency, and that the prin- 
ciple underlying this theory is probably a true one. but simply not 
the only principle which is at work. 

We here notice this contrast. The amount of silicon, manga- 
nese and phosphorus which the cast iron will contain increases 
with the strength of the deoxidation ; whereas the quantity of 
sulphur decreases with it. Deoxidation causes silicon, manganese 
and phosphorus to pass from the slag to the metal, but deoxidation 
of calcium causes sulphur to go into the slag instead of into the 
metal. 

The effect of sulphur on the separation of graphite, and 
through this on the fracture or " grain " of the iron, is the opposite 
of that of silicon, opposing the formation of graphite and tending 
to make the iron white instead of gray. As respects both silicon 
and sulphur, then, the effect of the increase of the deoxidizing 
action on the formation of graphite is alike. In other words, 
strengthening the deoxidizing action favors the formation of 
graphite and makes the iron grayer, both through increasing the 
silicon -content and also through lessening the sulphur-content of 
the iron. 

304. Means of Regulating the Strength of the De- 
oxidizing Action. — Those which we will consider are the fol- 
lowing : 

( 1 ) Controlling the temperature in the hearth of the furnace. 

(2) Varying the proportion of fuel to " burden," t. <.'.. to ore 
plus limestone. 

(3) Var>-ing the composition of the stag. 

Table 19. — In order to keep before the reader in accessible 
form the results which we shall reach from time to time during the 
discussion which now follows, Table 19 has been prepared, pre- 
senting these results in an extremely condenst-d form. We are 
going to consider the effect of variations in the ratio of fuel to 
burden, in the blast temperature, and in the composition of the 
slag, on the silicon and sulphur-content of tlie pig iron. The 
influence of certain of these variations may be regarded as two- 
fold, a thermal influence and a direct chemical influence. For 
instance, the coke is both the heating and the deoxidizing agent. 
If we increase the proportion of coke. then, we both raise the tern- 
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perature, which in itself favors deoxidation, and we further favor 
deoxidation by providing more of the deoxidizing agent. Of 
these two we may call the former the thermal influence, the latter 
the direct chemical influence. The effect of the former is rcorded 
in columns 2, 3 and 4, that of the latter in columns 5 and 6. 

Column 2 gives the effect of each of the variables of column 
1 on the hearth temperature, and columns 3 and 4, give the in- 
fluence of this change of hearth temperature on the quantity of 
silicon and of sulphur which the pig iron will contain. As the 
discussion proceeds we will record the results we reach by means 
of plus (+) and minus ( — ) signs in the proper places in this 
table. For instance the fact that increasing the proportion of coke 
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raises the hearth temperature we indicate by the plus sign (-}-} 
in column 2 hne A. The fact that this elevation of hearth tem- 
perature will tend to increase the silicon-content of the pig iron 
we indicate by the plus sign ( +) "' colunm 3 line A. etc. 

Column 9 gives the influence of the change in silicon-coment 
in column 7 on the proportion of graphite and the grayness of the 
pig iron; column 10 gives tlie corresponding effect of tlie change 
in sulphiir-content in column 8 ; and column 1 1 gives the resultant 
of the effects recorded in columns 9 and 10. 

305. The Hearth Temperature. — The temperature of the 
hearth, ». e., of the lowest part of the furnace, has a most important 
influence on the strength of the deoxidizing action ; it is here that 
the deoxidation is to be finished, or in other words, it is here that 
its thoroughness is determined. The higher the temperature the 
more powerful the deoxidizing action of carbon on iron, silicon, 
calcium, manganese and phosphorus, and very likely on most other 
elements. Therefore the hotter the hearth is, the more powerful 
the deoxidizing action of the fuel there present, and the more 
silicon should be deoxidized and enter the iron, and the more 
calcium should be deoxidized and carry sulphur from iron to slag. 

In short whatever tends to raise the hearth temperature tends 
thereby to raise the silicon -con lent and to lower the sulphur-con- 
tent of the pig iron, a principle to which we shall have occasion 
to refer several times in the beginning of the following discussion. 

The manager can raise the temperature of his hearth in three 
chief ways: : 

(i) By increasing the proportion of fuel to ore and flint 
(1 c.. by lightening the burden). 

(2) By raising the temperature of the blast. 

(3I By making the slag more infusible. 

That the first two shoidd have this effect needs no explana- 
tion. We may, therefore, in Table 19, accept the plus mark {+) 
in lines A and B. column 2. Further, because raising the tempera- 
ture here in and by itself favors deoxidation, and thereby tends to 
increase the silicon-content and decrease the sulphur-content of 
the pig iron, we may accept the phis signs in coUmin 3 and the 
minus signs in column 4 of lines A and B. That increasing the 
proportion of coke charged should increase by direct chemical in- 
fluence the strength of the reducing tendencies is perfectly dear 
for the reason tliat the fuel itself is the deoxidizing agent Ani. | 
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as any increase in the strength of t]ie deoxidizing tendencies should 
tend to increase the siHcon-conlenl and to decrease the sulphur- 
content of the pig iron, for reasons with which we are now so 
faniiUar, we accept the plus mark and the minus mark in columns 
5 and 6 respectively of line A. 

From the marks which we have now recorded in columns 3, 
4, 5 and 6 of line A the marks in the remaining columns 7 to 1 1 
of that line follow directly. 

Thus the effect of an increase in the proportion of coke is 
to make the iron more graphitic and grayer in all the ways which 
we have considered. 

We may for our present discussion assume that an increase 
in the temperature of the blast will have no direct chemical in- 
fluence, apart from its thermal influence, or, at least we may 
ignore for simplicity in our present discussion any direct influence ; 
hence, we leave blank columns 5 and 6 of line B. This done, the 
marks in the remaining columns 7 to 1 1 of line B follow directly 
from those of columns 2 to 4 of that line, 

306. Influe.vce of the Slag MELTiNG-PoiNr on the 
HiiARTH Teuper.\tl'RE. ^ — Why raising the melting-point of the 
slag should in and by ilaelf directly raise the hearth temperature 
requires a word of explanation. 

Let us suppose that on the right-hand side of a given blast- 
furnace as shown in Fig, 89, p. 334, we are charging a mixture, 
the slag-making materials of which are extremely infusible, 
whereas on the left-hand side we are charging a mixture, the slag- 
making components of which are relatively fusible. Let us further 
suppose, to illustrate our point, that these two charges descend sep- 
arately without mixing up. Such a state of affairs of course could 
not exist, and it is imagined here simply for the purpose of ex- 
plaining what does occur. 

A given lot of ore, flux and fuel charged on the left-hand side 
gradually descends, becomes hotter and hotter, and finally, at the 
level A. Fig. 89, reaches such a temperature that the gangue, ihe 
ash of the fuel, and the lime of the limestone react on each other, 
unite, that is to say form a slag or scorify, melt, and run to the 
bottom of the furnace, where they collect as a layer of slag. 

A parallel lot of charge on the right-hand side of the furnace 
gradually descends and grows hot in the same way. But when 
it has reached the point A at which the charge on the left-hand 
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siiJe melted, that on the right-Iiand side still remains unmelied 
because tlie slag- ma king substances present as a whole are so mudi 
more infusible. At the temperature at *vhich their fellows on the 
left-hand side of the furnace had reacted on each other, united, 
melted and formed slag, those on the right fail to react on each 
other and remain separate ; and not until they have been healed to 
the distinctly higher temperature at which their interaction be- 
comes possible, i.e., not until they have descended much lower 
in the furnace, say to level C, will they in turn react, unite, scoria, 
melt, and run to the bottom of the furnace. 

Now, so long as solid materials descend through the furnace 
unmohen, their descent is slow, and they have abundance of time 
to acquire heat from the rising gases and from the fuel with 
whicli they are surrounded ; in short, to acquire the temperature 
of the funiace level at which they are. But the moment they pass 
from the solid to the liquid state, instead of descending slowly 
they now run rapidly from the point at which they melt to the 
bottom of the furnace {see Fig. 114, p. 386) ; and during this 
rapid further descent, because of its rapidity, they have little 
further opportunity of acquiring heat. Hence the more fusible 
of the two lots will reach the bottom of the furnace at a tempera- 
ture not greatly above its own melting-point; while the more in- 
fusible lot will reach a temperature also not far above its own 
higher mehing-point. No doubt each, in running down after it 
has melted, will be to a certain extent superheated above its melt- 
ing-point, I. e., in its passage, rapid as that passage is, it will 
receive some heat ; but this will not be enough to compensate for 
the difference in their melting-points. 

An extreme case may help to make this clear. Suppose that 
in one of two furnaces, otherwise alike, we were to charge along 
with our fuel, masses of frozen mercury, and in the other ma&scs 
of iron at the same low temperature. Let us neglect for the mo- 
ment the volatility of mercury. When our mercurj- has descended 
a few feet at most it will melt, and will immediately run to the 
bottom of the furnace with great velocity. Our iron on the other 
hand will descend slowly through the furnace and will not melt 
until it had reached a level at which the temperature is i6cxJ" C-. 
its own high melting-point. Both the molten mercury and the 
molten iron in descending will certainly undergo a slight super- 
heating, and the molten mercury, having a greater distance to 
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"travel than the molten iron, wonld undergo a greater superheating. 
Nevertheless, this would not compensate for the fact that the 
mercurj- started to run down through the furnace as soon as it 
had been heated to a temperature of — 40° C, while the iron re- 
mained solid until it reached a temperature of 1600° C, when it 
in turn melted and ran. I dwell upon this principle because it 
underlies all reducing smeltings in shaft furnaces. 

A secontl and less important reason why the more infusible 
slag leads to higher hearth temperature is that it giuns over the 
walls of the lower parts of the furnace to a greater thickness, and 
1 effect thickens those walls and lessens the conduction of heat 
rtward through them. 

For the above two reasons, increasing the infusibility of the 
r leads to higher temperature and thus to more tliorough de- 
ddation. 

Still a third reason why infusibility of slag favors deoxidation 
is that, in the way already sketched, it prolongs the exposure of 
the metallic oxides and of the silica, phosphoric acid, etc., to the 
deoxidizing conditions in the furnace; and this added exposure is 
especially effective because of the very high temperature which 
accompanies it, and also for another reason, which is as follows. 
When silica, lime, iron oxide, etc., are free. i. c when they are not 
in chemical combination with each other or with other substances, 
they are more readily deoxidized than when they are in such state 
of combination, because the bond which holds them together in 
any combination has to be broken before deoxidation can occur. 
In other words the bond between two combined substances is an 
impediment to their deoxidation. Now if the silica, iron oxide, 
lime, etc., exist in the ore initially uiicombined with each other, 
they may remain so up to the time when fusion sets in. or at least 
very nearly till then; but after fusion has set in these different 
substances are necessarily combined, and silica with the lime and 
any iron oxide which had escaped deoxidation. Hence deoxida- 
tion is in general easier, other conditions being equal, before than 
after fusion. 

Manifestly the leaner the ore, 1. c, the greater the propor- 
tion of gangiie, the more important will <his consideration be : and 
in smelting copper ores it may be of the very greatest importance, 
because copper ores are very lean, i. c, contain a very large quan- 
tity of gangue. 
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307. Regulation of Melting-point of Blast-furnaci 
Slag by Means of its Com position. — Let us next ask what the 
ways are in which the manufacturer may van' the composition of 
his slag, in order thereby to vary its melting-point, and thereby the 
hearth temperature, and finally the sulphur and silicon-content of 
the pig iron. 

Blast-furnace slags are essentially silicates of lime, magnesia 
and alumina, and almost necessarily so. In many cases it is well 
to consider very carefully the most desirable alumina-content; 
but such a search would take us too far for the purposes of the 
present outline. That which the manager actually %'aries from 
week to week for the purpose of controlling the working of his 
furnace is usually the lime-content, and this he does by varying 
the proportion of limestone to ore charged, For our purposes we 
may consider lime and magnesia as substantially equivalent, in 
order to simphfy our problem; so that the question before us is 
substantially, how do the variations in the lime-content of the slag 
affect the fusibility of that slag. 

On referring to Fig. 1 1 5, it is to be seen that the great major- 
ity of blast-furnace slags are, so to speak, on the lime side of the 
greatest fusibility ; that is to say thej- contain more lime and mag- 
nesia than the most fusible lime-magnesia-aUimina silicate 
contains. 

The reason why they habitually are on the lime side of the 
most fusible ratio is that by means of a slag rich in lime, sulphur 
is more readily removed from the iron. If we take two extreme 
cases, one a slag consisting of CaOSiO, and the other consisting 
of zCaO, SiO,. it is evident that calcium would be more easily 
deoxidized from the latter than from the former by the reaction : 

(30) FeS -I- CaO -I- C = CaS + CO -j- Fe. 

This is of course in harmony with the general principle that 
a given element or oxide, in this case the lime, is le^s tenaciously 
held in a chemical compound in which it is in excess, than in one 
in which it is in a sense deficient. From very high oxides in 
general, for instance from peroxide of hydrogen, HjO., oxygen 
is readily removed. Fernc oxide, Fe.^O,. and cupric oxide, CuO, 
are readily deoxidized to magnetic and cuprous oxides respectively, 
Fe,0^ and CujO, hy simple exposure to heat. So, too, carbonic 
acid, COs, is readily decomposed into carbonic oxide, CO. and oxy- 
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Fig. 1 1 S- Lines of Equal Total Heal of Solidification of liie Lime-alumina 
Silicates, and the Composition of Certain Iron Blast-furnace Slags. 

A = Charcoal blastfurnace slags. 

Coke blast-furnace slags aie indicated by circles, according 
to the grade of the accompanying cast iron, as indicated by the 
authority from which the example is taken as follows: 

• = When the iron is British Bessemer, or " Foundry," or No. i, or No. 2, 

or contains 1.75 per cent or more of silicon. 

• =^ When it is American Bessemer, or "Forge," or No. 3 

between i and 1 .75 per cent of silicon. 
« = When it is white iron or contains less than I per cent of s 
I" Percentage of manganese aa 
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^n, by heat alone. A slag rich in lime Is irretentive of lime in ihe 
sense that its excess of lime is held but feebly by the silica, ami 
because of the feebleness of this hold this lime is readily deoxidized 
by reaction (sa)- 

The sili.ca and lime of the slag are bound together chemically, 
and the strength of this bond opposes the removal of the silica or 
the lime by deoxidation. But if there is an excess of lime, this 
excess is bound less fwwerfully to the silica than if there is but 
little lime. Because the bond between the excess of lime and the 
silica is thus relatively feeble, the opposition which the bond offers 
to the deoxidation of the calcium is the feebler, and the calcium 
is consequently the more easily deoxidized the richer in lime 
the slag is. 

Conversely, if the slag is deficient in lime, or in other words 
has an excess of silica, then for like reasons silicon is the more 
readily deoxidized. 

This then is the reason why Ihe blast-furnace charge is habit- 
ually so made up that the slag may be rich in lime, in order that 
it may thereby be irretentive of lime, and so that in turn this irre- 
tentiveness may favor the deoxidation of calcium by reaction 
(30), and thereby the removal of sulphur from the iron. Of 
course, if very little sulphur is present, or if for any cause desul- 
phurization is not sought, then this reason for having our slags 
rich in lime no longer exists. Hence we often find that the slags 
of charcoal blast-furnaces are not rich in lime, for the simple 
reason that the charcoal lacks the sulphur which coke and anthra- 
cite always contain, so that there is no need of desulphur- 
izing, unless the ore or limestone introduces sulphur into the 
charge. 

Now since our slags are habitually on the lime side of the 
greatest fusibility, any addition of lime will carrj- them farther 
in composition from that of the greatest fusibility, and so make 
them more infusible; and conversely diminishing the lime-content 
will make them more fusible. The rubric in line C of column i 
of Table 19 is based on this principle. 

Having thus seen that increasing the time-content of the slag 
or in other words increasing the proportion of limestone charged, 
should tend to raise the hearth temperature, we record this fact 
by means of the plus sign in line C of column 2; and since this 
tendency to raise the hearth temperature should, for the same 
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reasons as before, tend to increase the silicon-content of tlie pig 
iron bnt to lower the sulphur-content, we accept the plus and minus 
signs in columns 3 and 4 respectively of line C. 

308. Direct Chemical Effect of the Lime-context of 
THE Slag. — Having now seen how an increase of the lime-con- 
tent of the slag raises its melting-point, tliroiigh tliis raises the 
hearth temperature, through this strengthens the reducing action, 
and through this raises the silicon-content and lowers the sulphur- 
content of the iron; in short, having seen what the thermal aspect 
of such an increase is, let us now consider what the direct chemical 
influence is. 

For the reason which we have just considered, an increase in 
the lime-content by favoring the reaction (30) clearly promotes 
desulphurization. Therefore we may accept the mimis sign { — ), 
in line C, column 6 of Table 19. 

But for the same reason, when we increase the lime-content of 
a time silicate, the decrease which we thereby (by difference) cause 
in its silica -con tent makes it more retentive of sihca. In other 
words, in a slag containing less silica and more lime, the silica is 
more tenaciously held by that excess of lime than in a lime silicate 
rich in silica ; or an increase in the percentage of lime, while mak- 
ingf a slag irretentive. of lime, increases in proportion its retentive- 
ness of silica, and proportionally opposes the deoxidation of silicon 
bv the reaction : 

(15) SiO, -f 2C = 2CO -f- Si. 

In short, increasing the time-content opposes tJie deoxidation of 
silicon, and so tends to lessen the silicon -content of the iron, and 
thereby to make the iron less gray. This justifies us in accepting 
the minus sign ( — } placed in line C, column 5. 

Considering now the thermal and the direct chemical influ- 
ence jointly we see that, as regards sulphur, these two influences 
are alike, both of them favoring desulphurization; hence the 
minus mark ( — ) in line C column 8; but that as regards silicon 
the thermal effect of an increase in lime-content {column 3), is 
opposite to its chemical effect (column 5). Hence, the plus or 
minus sign (±) entered in Hne C, column 7. 

The marks which we have now entered in columns 2 to 8 
of line C lead directly to the marks which are now entered in 
columns 9 to 1 1 of that line. 
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309. The Effect of most Variables on the Silico\- 
contekt is the opposite of that on the sulphur-contest, 
— Now looking back on Table 19 as a whole we notice that, witli 
the exception of the direct chemical influence of the lime-content of 
the slag, the influence of each variable on the silicon -content is the 
opposite of its effect on the sulphur-content. In other words, 
those changes in the management of the furnace which tend to 
desulphurize and thus to make the iron grayer, simultaneously 
increase llie silicon-content and tliereby also tend to make the 
iron grayer. 

From this fact arises the difficulty of making cast iron at 
once low in silicon and low in sulphur. Of the principles here 
tabulated only an increase in the lime -magnesia-content of the slag 
tends to decrease both the silicon and sulphur. In case we are 
called upon to make an iron low in both silicon and sulphur this 
then would be tlie principle on which we should chiefly rely. 

310. Relative Promptness of Different Methods of 
Raising the Hearth Temperature. — We may recognize two 
kinds of considerations which may demand that the hearth tem- 
perature shall be raised. Thus, first, we may wish to change per- 
manently or for a long period the condition of affairs, wishing to 
make an iron grayer than that which the furnace has nonnally 
been making, grayer either through containing more silicon or 
less sulphur or both, than the present product. Or, second, we 
may need to raise the temperature to meet a temporary and ab- 
normal trouble, a temporary cooling due to the leaking of a tuyere 
or a bosh-plate, which is sending a stream of water into the hearth, 
and cooling it abnormally and indeed intolerably. To meet the 
latter state of affairs it is important that the remedy applied shall 
take effect promptly. Of the three means which we have been 
considering of raising the temperature of the hearth, z'is.. 

( t ) increase in blast temperature, 

(2) increase in fuel ratio (i.e., lightening the burden), and 

(3) raising the melting-point of the slag, 

the first one will give much the quickest relief. Our fuel. flu,x 
and ore are introduced onl\' through the top of the furnace, and 
many hours must elapse between the time when we change the 
burden or the limestone ratio, and the tirne when the extra fuel 
or the extra lime will reach the hearth of the furnace. On the 
other hand, increasing the temperature of the blast immediately 
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throws an increased quantity of heat into the hearth. A difficuity 
in the way, however, often is that just at the time when we are 
in need of a hotter blast, the furnace gases on which we have to 
rely for heating that blast are from the same cause lean in carbonic 
oxide, i. e., of low heating power. Hence the importance of so ar- 
ranging matters that a deficit of gas can be met by firing our 
boilers with coal or other fuel, so that we may be free to turn 
into our hot blast stove a larger quantity of gas. 

But though many hours must elapse between the time of in- 
creasing our fuel ratio and that in which this increase in fuel 
actually reaches the hearth so as to generate there an increased 
quantity of heat ; nevertheless, this increase in fuel ratio gives re- 
lief much more quickly than might be expected, for the reason that 
the fuel is in large angidar lumps which mechanically open up the 
charge in the upper part of the furnace, thus lessening the fric- 
tional resistance to the upward travel of the gas. and thus hasten- 
ing the operation as a whole. In particular, since the blast can 
enter at the bottom of the furnace only so fast as the gases escape 
from its top, this opening action of our extra fuel has the same 
effect as an increase in the blast pressure, and permits us to blow 
in more air per second with the consequence that we hum more 
fuel per second, and hence generate more heat per second, while 
the abstraction of heat by conduction through the furnace walls 
remains substantially constant. In short, it increases the heat 
development per second without corresponding increase of the heat 
lOvaL 
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CHAPTER XIII.— METALLURGICAL GAS FURNACES 

II. Gas-fir!N'g and Direct-firing. — In a sense all re\-er- 
beratory furnaces are gas furnaces, because they are heated by 
a flame, and a flame is only burning gas; so that in every case 
they are heated by burning gas. 

312. By Dikgct-fihinc is meant burning coal or other solid 
fuel in a fire-box close to the working chamber of the reverberatory 
furnace, and in a layes so thin that enough free atmospheric oxygen 
passes through some of the wider crevices between the lumps of 
fuel, both to burn the carbonic oxide generated by the incomplete 
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combustion of the fuel by the limited quantity of air which passes 
through other and narrower crevices, and also lo bum the hydro- 
carbons, if any, distilled from the fuel. Thus both the combust- 
ible gas and the air for burning it escape simultaneously and side 
by side from the surface of the fuel ; the flame begins at the very 
surface of the fuel. 

313. By Gas-firixg is meant chiefly burning the fuel in a 
layer so thick that ail of the oxygen of the air which passes through 
it combines with the fuel, and that nearly all of it forms carbonic 
oxide with the carbon of that fuel: so that from the surface of 
the fuel escapes a stream of combustible gas. chiefly the carbonic 
oxide thus formed and hydrocarbons from the distillation of the 
fuel, diluted with the atmospheric nitrogen. The stream of gas is 
in turn burnt by air specially admitted for this purpose. Thus 
in direct -firing, it is flame proper which escapes from the surface 
of the fuel, while in gas-firing it is not flame but combustible gas 
to be later converted into flame. 

In short, in direct-firing the fuel bed is so thin that it delivers 
flame direct from its surface; in gas-firing it is so thick that it 
delivers there a stream simply of combustible gas. This is the 
essential distinction. 

314. Kinds of G.^s used in Met-^llurgy. — Gas made in 
the way just described is called " producer gas," or sometimes 
"air gas," to distinguish it from natural gas, from distilled gas 
made by the destructive distillation of bituminous coal, and from 
" water gas," made by passing steam over incandescent fuel, by 
the reaction 

{31) H,0 -f C = 2H + CO. 

While in a few favored places like Pittsburgh natural gas can 
be had, the gas used in metallurgical processes is nearly always pro- 
ducer gas modified by the presence of some water gas ; i. e., some 
steam is mixed with the air used for making the producer gas itself. 
(See § 326, p. 439.) Under usual conditions this gas is probably 
far the cheapest per unit of calorific power, It is, however, so 
bulky, I. c, so greatly diluted with atmospheric nitrogen, that the 
expense of installing pipes large enough to distribute it for do- 
mestic use would in general be prohibitory. In metallurgical 
establishments the distance through which the gas has to be carried 
is so short that its diluted condition is not a serious matter. 
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As nearly all of the gas used for heating iron and for melting 
steel is this modified producer gas, so when gas-firing for these 
purposes is spoken of, it is generally understood to be producer- 
gas firing; and in the following discussion it is this gas which is 
referred to. For heating the blast and raising steam for the iron 
blast-furnace, and also of late for burning in gas engines, the 
waste gases of that furnace are used : but not for heating or melt- 
ing steel. 

The description of direct-firing above given is that of the 
extreme type. In many cases, while much free oxygen passes 
through the fuel uncombined, and is thus in a position to burn the 
carbonic oxide and hydrocarbons which it then meets, yet there is 
not enough of it to bum the whole of these, and more or less ad- 
ditional air, often preheated, is admitted above the fuel to complete 
the combustion. This case is intermediate between the typical 
direct-firing and gas-firing. We need not here consider where the 
dividing line should be drawn. 

315. Purpose of Gasification. — Gas furnaces, chiefly of 
the Siemens type (§ 276), are used for the open-hearth steel- 
making process (indeed, all open-hearth stee! furnaces are of this 
type), and to a very great extent for reheating steel, and for melt- 
ing steel by the crucible process. In other branches of metallurgy 
they are used relatively little. Let us ask why they are so much 
used in these steel processes, and why not in other metallurgical 
processes. The difference is not to be put down to the stupidity 
or ignorance of non-ferrous metallurgists, but, as in most such 
cases, is due to fundamental differences in conditions. 

The gas furnaces which we are now considering are rever- 
beratory furnaces, and our question really is as to the relative 
merits of gas-fired reverberatories like that shown in Figs. 98 and 
99, and " direct- fired " ones, such as that shown in Fig. 116. 

Every reverbetatory furnace may for our present purpose be 
regarded as a system for heating a charge of metal or other sub- 
stance by means of a flame passing by it, usually passing over it ; a 
flame is burning gas; and the system may be divided into three 
parts, f I ) the preparatory part in which the fuel is converted into 
gas, and the air is preheated, etc.: (2) the working chamber or 
laboratory in which the cliarge of metal, etc., is heated, melted, 
etc.; and (3) ihe chimney through which the products of the 
combustion of the flame arc carried away. Comparing gas and 
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dircct-fired systems, while the dimensions of the chimney do not 
differ very strikingly, yet there is an enormous difference in the 

ratio of the volume of tlie preparatory part to tlie working 
chamber. This is readily seen on comparing the Siemens furnace 
shown in Figs. 98 to loi with that of any direct-fired furnace, 
such as a common puddling furnace (Fig. 116). In the Siemens 
system the flame-preparing part as here shown is about thric* as 
large as the working chamber ; including the gas-producing plant it 
is perhaps four times as large as the working chamber ; while in the 
direct-fired furnace it is often not more than half as large as the 
working chamber. Thus, in order to use the Siemens system, ihe 
preparatory part of the apparatus has to be increased in size four- 
fold or even more, and the cost of intalling the system, as well a 
the. cost of repairs, is thus ver>- greatly increased. 




There are, indeed, other fonns of gas furnace, of the recuper- 
ative system {Morgan furnace. Fig. 113, p. 3/7), in which the fuel- 
preparing part of the apparatus is much smaller and less costly 
than in the Siemens system. In the recuperative furnaces the heat 
is filtered out of the escaping products of combustion by passing 
them around a system of clay pipes or its equivalent, while through 
those pipes the air which is to burn the gas is passed. 

To these recuperative furnaces the objection of excessive first 
cost applies less strongly than to the Siemens system: nevertheless 
it applies, and with force. It will suffice for our present discussion 
if we confine our attention to a comparison of the direct-firing 
system with the Siemens s\'stem ; for while the recuperative 
system is less expensive to install than the Siemens, it is less 
economical of fuel under most conditions, and probably also more 
expensive to maintain. 
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f^ That the great expense of installing and maintaining the 
Siemens furnace is endured implies thai some corresponding great 
advantages have been provetl. What are these? 

316. The Advantages of Gas-firing as such are: 

( 1 ) That the Temperature and Character of Flame are under 
better control. 

(2) Fuel Economy: that it permits recovery of the heat 
whicli, in direct-fired furnaces, is carried away by the products 
of combustion and lost. This recovery of course permits a cor- 
responding economy of fuel. 

(3) Higher Attainable Temperature. — This recovery of the 
heat of the products of combustion permits generating a much 
higher temperature than is possible with direct-firing, a tempera- 
ture which is limited only by the danger of melting down the 
materials of which the furnace is made. Indeed, one of ihe chief 
cares of the open-hearth steel meltcr in using the Siemens' furnace 
is to avoid melting the furnace itself, although this is built of the 
most infusible fire-bricks to be had. 

Let us consider these advantages in detail. 

317. Temperature and Chahacteh of Flame under Bet- 
ter Control.* — The combustion of bituminous coal may for 
the present purpose be regarded as composed of four parts. 

(A) carbon burns at and near the grate-bars to carbonic acid, 

(26) C + aO^CO-: 

(B) the resulting carbonic acid is reduced to carbonic oxide 
hy the carbon of the overlying fuel. 

(27) C05 + C = 2C0; 



* Oxiduins, neutral and reducing ftaines. It is common to say that 
the flame of gas furnaces may at will be made eitlier oxidizing, neutral 
or reducing; bm "reducing" is a relative term. A flame which would 
be reducing toward copper might be highly oxidizing toward iron. In 
order that a flame shall generate ihe high lemperalure required in heating 
iron for rolling, and in melting sieel, the combustion of the flame must 
be nearly complete, and this implies that most of the hydrogen, hydro- 
carbons and carbonic oxide shall be converted into steam and carbonic 
add : and this in turn implies that ihc flame must necessarily be oxidizing 
towards iron, because both steam and carbonic acid oxidize hot iron rapidly. 
It is therefore misleading to talk about a heating or meldng flame in iron 
metallurgy as " reducing." AH we can say is that some flames are strongly 
oxidizing and some are only mildly oxidizing. 
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(C) the hydrocarbons of the fuel are distilled: 

(D) the carbonic oxide and the hydrocarbons from B and C 
burn to carbonic acid and steam ; with these products is mixed the 
nitrogen which accompanied the atmospheric nitrogen of phases 
A and D. 

(32) CO 4-0 = CO.: 

(33) 2H + O - H,0. 

If phase A alone occurred there would be no flame, because 
flame is burning gas, A burning sohd gives no flame, unless dis- 
tillation or combustion gives rise to a gas. The burning of that I 
gas causes flame, and this flame may look as jf it was the com- I 
bustion of the solid ; but really it is only the combustion of gas 
evolved from the solid. 

In the present case, the gas which in burning gives flame is the 
carbonic oxide resulting from phases A and B jointly, and th^ 
hydrocarbons resulting from C; the burning of the flame itself =■ 
I. c, the combustion of that gas, is phase D. 

The carbonic oxide and hydrocarbons from B and C are de — ' 
oxidizing; the carbonic acid and steam from A and D are oxidii- — 

ing towards iron. Any free oxygen which accompanies them in 

tensifies the oxidizing character of the flame: if the air admittet^^ 
for D is insufficient to bum the whole of the carbonic oxide ant^t^ 
the hydrocarbons, this deficiency weakens the oxidizing character- 
of the flame. A and D thus strengthen while B and C weaken *^ 
oxidation. Further, A and D are exothermic: B and C endolher- 
niic. Hence, if the character, i.e.. the strength of the oxidizing ^ 
power of the flame, and also the temperature, are to be constant or 
indeed to be closely under control, the degree to which phases B 
and C on one hand, and A and D on the other take place must be 
constant or under control. 

That this constancy and control are much greater in gas- than 
in direct-firing is readily seen. 

For suppose the coal on a direct-firing grate has been freshly 
sloked so carefully and evenly that the quantity of oxygen which. 
passing through the wider interstices between the lumps of fuel 
reaches the upper surface free and uncombined. is just enough 
to burn completely the combustible gases which it there meets, 
(i) the carbonic oxide from phases A and B occurring in the 
narrower crevices in which the oxygen is more fully exposed to 
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P"Oie fuel, and {2) the hydrocarbons distilled from the freshly 
charged fuel. 

Here we have as oxidizing factors ( i ) the supply of this free 
unscathed oxygen, and (2) the degree to which the carbonic acid 
from A escapes B; and as deoxidizing factors the supply of car- 
bonic oxide from B and of hydrocarbons from C. The character 
of the flame depends on the balance between these two sets of 
factors, a balance which in direct-firing clearly must shift rapidly 
and widely. For as the air passes up through these passages it 
widens them all by burning away the fuel which bounds them, 
thus lessening the intimacy of contact of air and fuel, and thus 
increasing the proportion of free oxygen and of carbonic acid 
from A and lessening the supply pf carbonic oxide from B. More- 
over the air passes the faster through the initially larger passages 
and therefore widens these the faster, and thus further aug- 
ments the proportion of the whole air which passes through them, 
and thus the proportion of free oxygen and carbonic acid; the 
initially smaller passages at the same time not only convert the 
carbonic acid to carbonic oxide less thoroughly because constantly 
widening, but they have a decreasing proportion of the air to oper- 
ate upon, so that in both these ways the supply of carbonic oxide 
decreases. 

At the same time the supply of hydrocarbons from C is 
probably diminishing rapidly, because the high temperature of 
the thin fire upon which the fresh coal is charged leads to a 
distillation of hydrocarbons so rapid as to restrict itself quickly 
through exhaustion of the supply. 

Thus the balance shifts rapidly towards stronger oxidation, 
through increase in the proportion of free oxygen and carbonic 
acid, and simultaneous decrease in the supply of carbonic oxide 
and hydrocarbons. 

Further the heat development must shift in like manner. It 

mds on the ratio between the supply of free oxygen and the 

»ply of carbonic oxide and hydrocarbons. As this ratio changes 

I will the temperature generated. With a certain ratio of free 

P'J^ to carbonic oxide and hydrocarbons the highest tem- 

Pature will be generated; shift this in either direction, either 

\ cutting off carbonic oxide and hydrocarbons so that free 

1 is in excess above tliis ratio, or vice versa, and the tem- 

e sinks. 
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III gas-firing the conditions are under better control, as will 
now be explained. It is the necessary thinni.'ss of the bed of coal 
in direct-firing that causes the rapid shifting In the degree to 
which the carbonic acid from A is reduced to carbonic oxide by 
B, and thus in the carbonic oxide supply, as well as in the degree 
to which free oxygen passes unscathed through the fire, and thus 
in the free oxygen supply; it is this same thinness that makes 
the ujiper surface of the fire so hot that the liydrocarlions of the 
freshly charged fuel distill with a supply-exhausting rapidity, 
To prevent this shifting and to retard this distillation we have 
but to make the fuel-bed deep, as we do in gas-firing, so that 
no free oxygen can get through it, and that nearly all the car- 
bonic acid from A is reduced la carbonic oxide by B; this gives 
us a nearly constant supply of both carbonic oxide and hydro- 
carbons. The gas is thns made in a special apparatus, the gas- 
producer, under constant and controllable conditions. The gas 
is next converted into flame by phase D in the working chamber 
itself, by admitting air there. By thus separating the gas-niaking 
and the gas-burning operations each is brought under control. 
We regulate the strength of the oxidizing conditions and tlie tem- 
perature by var\'ing, by means of valves, the supply of gas and 
of air. 

The Morgan furnace, Fig. 113, p. ^yy, would represent gas- 
firing with the sole aim of thus getting control over the temperature 
and diaracter of the flame, if we were to strike out the very sim- 
ple arrangements there shown for preheating the air used in phase 
D of the combustion for burning the gas from phases B and C. 

318. Fuel Economy. — In most reverberatory furnaces, and 
particularly in the open-hearth steel melting furnace, in which it 
is necessary that the temperature of the working chamber tlirough- 
out its length should be above the melting-point of steel, say 
above 1600° C, it is necessary that the flame Itself should through- 
out the length of the working chamber be at a very high tem- 
perature, and hence that the flame must escaf)e from the work- 
ing chamber at tliis very high temperature and therefore must 
carry out with it most of its sensible heat. In a direct-fired fur- 
nace most of the heat developed by the combustion of the fuel 
will thus be carried out of the furnace in the flame, during the 
latter part of the heating operation when the ingots which are 
heating have nearly reached the temperature of the flame, and 
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therefore have little further power of absorbing heat from it. 
Gas-firing affords. 3 ready way of recovering this heat by pre- 
heating the air by either the regenerative (Siemens) or the 
recuperative system. 

As an alternative a larg« part of this heat may indeed be re- 
covered by passing the flame uiuler steam boilers. The incon- 
venience of this method is very gri^^t, especially because the 
supply of steam from this source is likely to vary greatly. On 
diis account it has in some cases been found that the cost of 
raising steam by the waste heat from heating furnaces is greater 
than by boilers independently fired. In short, it may cost more to 
recover heat in this way than it is worth, if fuel is very cheap. 

As the purpose of these regenerative and recuperative ar- 
rangements is to recover the heat carried away from the working 
chamber by the products of combustion, so they become less im- 
portant or even needless if this heat can be utilized directly in 
the heating chamber itself. In certain cases this can be done, 
as for instance in Morgan's continuous heating furnace, Fig. 113. 
In this by charging cold ingots one by one at short intervals at 
one end of the furnace, and pushing them along towards the 
hot end, and by passing the flame over them in the opposite di- 
rection, a ver\' large proportion of the heat of the products of 
combustion is recovered directly in the working chamber itself, 
and they escape at so low a temperature that no great outlay for 
further recovery of their heat would be profitable. This illus- 
trates the principle, perfectly obvious when enunciated, that large 
outlay for recovery of the heat of the products of combustion, 
1. c. for regeneration or recuperation, can be profitable only when 
there is much heat in those products, ('. c. when they would other- 
wise escape from the working chamber at a very high temperature, 
or when they are in very great quantity. It is because in Mr. 
Morgan's furnace the charge itself recovers so much of the heat 
of the products of combustion, that he goes to such slight expense 
in so building his furnace that it shall itself recover a further 
fraction of that heat, by recuperation, In other words, because 
his charge itself cools the products of combustion so far. i. e., 
leaves so little heat in them, only a relatively small and inexpensive 
recuperative installation is called for to recover that little heat. 

Here we have the essential reason why gas-firing and re- 
meration have been applied chiefly to iron and steel metallurgy ; 
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and that relatively little profit has been found in applying them 
to otlier branches of nieta!lurg>'. In these other branches it is 
nsually true either that operations are on a relatively small scale, 
or that the temperature needed is relatively low; and in either 
case the total value of the heat in the escaping products of com- 
bustion is correspondingly small. Thus in copper refining ^ 
temperature is so low and hence the escaping products of com- 
bustion contain so little heat that no great outlay for recovering 
it would usually be Justified. 

Of course, the value of heat is the cost of reproducing it, 
If fuel is locally very expensive and the value of a unit of heat 
therefore correspoiidingly great, then regenerative arrangements 
for recovering the waste heat of copper refining furnaces might 
be profitable; lliey might be profitable in Sweden with its dear 
coal, though unprofitable in Pittsburgh with its cheap coal. 

319. Comparison of Regenerative and REcuPERATrvE FuR- 
NAciis. — Let us recapitulate the essentials of the Siemens and 
the recuperative systems. 

In the regenerative or Siemens system the heat is first filtered 
out of the escaping products of combustion by passing them 
through large chambers loosely filled with a checkerwork of 
brickwork; and it is then transferred to the gas, and to the air 
used to bum that gas. by passing these, before they come into 
contact with each other and burn, separately back through these 
same filtering chambers or regenerators. (§ 276.) 

In the recMferath'e system the heat is filtered out of the 
escaping products of combustion bv passing them around a system 
of clay pipes, while through the interior of those pipes the air 
used for burning the gas is passed, as shown in Fig, 113. p. 377- 

Comparing these two systems, the Siemens has the advantage 
of recovering the waste heat of the products of combustion more 
effectively, chiefly because the heat- filtering surface is kept more 
efficient, or in other words liecause it uses the right side of its 
brickwork to catch the heat, while the recuperative system uses the 
wrong side of a clay tube. 

.\ second reason why the Siemens system recovers the waste 
heat more thoroughly is that in it both the air and the gas can 
be used for tliat reco\-ery ; whereas in the recuperative system the 
air alone can be thus used, In other words, regeneration can be 
of both air and gas, while recuperation can be of air only. 
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advantage, this gas regeneration, of the Siemens system was for- 
merly thought important ; but a closer examination, and especially 
the experience of the last few years, go to show thai it is of 
relatively little weight, and that little is gained by adding gas 
regeneration to air regeneration. To this we will return in 

§ 121. 

In the greater ease and cheapness of repairs the Siemens 
system probably has a further great advantage, at least when very 
high temperatures arc reached. The plain bricks with which it 
catches the heat are not only cheap but durable, compared with the 
clay lubes or their equivalent used in the recuperative system. 

320. The Siemens Svstem Catches the Heat on the 
Right Side. — In the Siemens system the surface of brickwork 
upon which in one phase the heat is deposited, is the same surface 
which is exposed to the incoming gas or air during the alternate 
phase; it is one and the same surface which stores heat in one 
phase, and restores it in the next : hence this surface is an efficient 
instrument for thus storing and restoring heat. But in the re- 
cuperative system it is to the outside of the pipes that the passing 
products of combustion are exposed, and to the inside that the 
air is exposed; it is the outside of the pipes that stores the heat 
and the inside that restores it; and the storing and restoring sur- 
faces arc thus separated by a wall of clay, which, because it is 
so bad a conductor of heat, impedes the passage of the heat from 
the storing outer surface to llie restoring inner surface, and so 
lessens the efficiency of the apparatus as an instrument for trans- 
ferring heat from the escaping products of combustion to the in- 
coming air. That these walls should be of clay seems unavoidable. 
iMeiallic pipes would be quickly destroyed, and no other well con- 
ducting sub.stance seems available, at least for high temperatures. 

Looking at it in another way. only a cold object can be a good 
heat catcher; the hotter it is the less beat can it take up from 
the passing products of combustion. In the Siemens system the 
heat-catching surface of the regenerator bricks begins each phase 
efficiently cooled by the direct passage over it during the pre- 
ceding phase of the incoming gas or air; while in the recuperative 
system this needed cooling of the heat-catching surface is opposed 
by the bad conduction of the fire-clay walls of the pipes. In short, 
the Siemens system catches the heat with the right side, the re- 
cuperative system with the wrong side, of a clay mass. 
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321. The \'alue of Gas Regeneration. — I will first ex- 
plain the reasoning which formerly led to the belief that gas 
regeneration was very important, and then point out why its real 
value is probably much less than was formerly supposed. 

That a heat-catching syslem should work implies two things: 
first that it has an opportunity to catch heat; second that this 
heat is thoroughly removed from it. No such system can store 
an indefinite quantity of heat; should the checkcrwork of the 
Siemens system be as hot as the products of combustion passed 
through it, it could lake no heat from them. Only in virtue of 
its being cooler than they, can it lake heat from them. That it 
shall continue to lake heat from them requires that the heat whicli 
it takes shall be in turn removed from it; the heat which it 
receives it must again give out before it can receive more. 

Again, the products of combustion cannot heat any system 
lo a temperature higher than their own. 

N'ow the flame and hence the products of its combustion are 
made up of from two sources, the producer gas itself, and the 
air with which that gas is bnrned. In the recuperative system 
this air alone is used to recover the heat deposited in the recuper- 
ative pipes ; while in the Siemens system both gas and air are 
used habitually for this purpose. Since the weight of the ga* 
and air is equal to that of the products of combustion, and since 
(if we assume for simplicity that the specific heat of all is the 
same), their capacity for heat (weight X specific heat) is the 
same as that of the products of combustion, they are theoretically 
capable of absorbing all the heat of those products. Thai is to 
say, it is theoretically conceivable that were there no losses of 
heat by conduction througli the walls of the regenerators, etc.. 
these regenerators might cool the products of combustion down to 
the temperature of the incoming air and gas: and might in the. 
following phase, heat up that air and gas to the temperature at 
which the products of combustion leave the working chamber; 
in which case the incoming gas and air would, in this sense, 
recover the whole heat of the products of combustion. 

Of course, this result could never be fully attained ; it is, 
however, the limit towards ivhich the system works. But in the 
recuperative system, since the weight of the air is only about 
half that of the products of combustion, and since the air alone is 
used for absorbing their heat, the s>slem is theoretically capable 
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of absorbing only about half their heat ; for manifestly they cannot 
heat that air hotter than they themselves are, and consequently 
can give to it only about half their heat. 

To illustrate this, let us take a case in which no steam is 
used in the gas producer, 1. e., in which true producer gas unmixed 
with water gas is made, and let us assume that 120 parts by weight 
of air are used to burn 100 parts of producer gas : 

Let w' = the weight of air used in the producer to gasify the 
coal, i. e,, the gasifying air, per ton of coal, 

v/' = that used in the working chamber to burn that gas, or 
the gas-burning air, 

w" = the weight of the gas itself, 

W = the weight x)f the products of combustion, 

T = the temperature at which the products of combustion 
escape from the working chamber, 

Sh = the specific heat of gas, air, and products of combustion, 
assumed for simplicity to be of the same specific heat, 

H = the quantity of heat in the products of combustion as 
they escape from the working chamber, per ton of coal, 

hS = the quantity of heat theoretically recoverable in the 
Siemens system, and 

hr =: that recoverable in the recuperative system. 

Then from our assumptions 

(i) w" = tt/+ I, 

(2) lV=zw" + w"\ 

(3) H=lVXTXSh, 

(4) w"=iw'" X 1.2. 

To simplify the problem let us assume that the gas and air 
enter each heat-system at the temperature at which the products 
of combustion escape. 

In the Siemens system both the gas itself and the gas-burning 
air are available for recovering heat ; hence 

(5) hS=(zv'' + un XTxSh. 

In the recuperative system, only the gas-burning air is thus 
available; hence, 

(6) hr = zirx TxSJi. 
From (4) 

(7) hS = hr (1.2 -f i) -h 1.2 = hr 1.83, 

or in short, gas regeneration promised to increase the value of 
the heat-catching system by 83 per cent ; it promised to give the 
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regenerative system 83 per cent greater lieat-catching prnwerS 
the recuperative sj'stem. 

This defect of the recuperative system, that the incoming gas 
cannot be used to recover the heat of the products of combustion, 
or in other words that gas-recuperation is impracticable, appears 
to be inevitable ; for we see no way in which the gas can be passed 
inside tlie pipes of such a system. The reason for this- is thai ihe 
hydrocarbons of the producer gas break up and deposit carbon 
when heated; and if passed through these hot pipes they would 
thus quickly choke them with deposited carbon. In the Siemens 
system this difficulty does not arise, because any carbon deposited 
in one phase on the surface of the regenerator bricks is burnt away 
by the free oxygen always present in the products of combustion 
passing over that same surface in the next following phase. 

The advantage of gas regeneratiou. however, on further ex- 
amination turns out to be much less than we have calculated. In 
the first place, the losses through radiation from Ihe outside of the 
regenerative system, and the heat needed to give the chimney 
draught, represent a large fraction of Ihe heat of the products of 
combustion, and leave in them just so much less heat capable of 
being caught by any system whatsoever ; this reduces correspond- 
ingly the margin of heat to be caught over and above that which 
air regeneration (or for that matter air recuperation), can catcli, 
and tlius diminishes the possible gain to be had through gas 
regeneration. In the second place, as it is only in virtue of entering 
the regenerators cold or cool that tlie gas is capable of absorbing 
heat, in gas regeneration the sensible heat developed in the gas 
producer is necessarily wasted, or at least it detracts correspond- 
ingly from the heat-catching power of gas regeneration. 

But. in spile of this, the calculable advantage of gas regenera- 
tion seemed so great that no reasonable allowance for these con- 
siderations seemed likely to reduce it to an unimportant quantity. 
Further Siemens reasoned that, since gas regeneration was thus 
so important, and since any sensible heat brought by the gas from 
the producer into the regenerative system simply lessened the 
efficiency of that system proportionally, there was no advantage 
in ming to save that sensible heat. He therefore set his pro- 
ducers at a convenient and usually great distance from the fur- 
nace. The sensible heat was in part utilized by making water 
gas in the producer as explained in § 326. p. 429. and in part 
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jsted by radiation from the walls of tlie producer and of ihe 
•ry long gas conduits. 

If, now, the gas actually issued from the producer at a tem- 
perature as high as that to which it is practicable to preheat it in 
the gas regenerator, and if we first wasted the sensible heat of the 
gas producer for the purpose of so cooling that gas that it would 
be callable of absorbing heat in the regenerator from the products 
of combustion, and then used for that purpose that gas so cooled, 
we should gain nothing. To waste a calory in order to be able to 
save another calory is futile. Now, while we may utilize much of 
the heatgeneraled in the gas producer by making water gas by 
means of steam introduced along with the blast, yet we are lim- 
ited in this direction by the fact that the temperature in tlie pro- 
ducer must he kept up to the point of ignition, lest combustion 
there cease, and our blast and steam pass through the bed of coal 
without generating gas. Therefore the gas must necessarily 
emerge from the top of the bed of coal at a rather high tem- 
perature. 

If we call the temperature to which it is practicable to preheat 
the gas in the regenerator, T^, and the lowest temperature at 
which it is practicable to have the gas escape from the top of the 
fuel in the producer, Tp; then all the heat that this gas can really 
save out of the products of combustion is that represented by 
the expression w" X Sh X (T'' ^ Tp-j . 

Just what the temperature difference 7''' — Tp really is re- 
mains to be proved. Apparently it is not very great. Hetice it 
appears that the real economy of gas regeneration is not very 
great. 

There is a second important consideration tending to lessen the 
value of gas regeneration. Producer gas from bituminous coal 
may contain much hydrocarbon which, when highly heated, splits 
up with the separation of lampblack. If the producer gas is 
taken straight from the producer with its initial sensible heat into 
the working chamber of the furnace, i. c. if we do not use gas 
regeneration, the carbon thus separated immediately bums in that 
chamber and is thus utilized. If, however, we use gas regenera- 
tion, then when the gas enters the hot checkerwork of the regener- 
ator the carbon, which as before separates, deposits on the check- 
erwork, where it remains inert until the next phase of the funiace, 
when the products of combustion pass out through this same 
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checkerwork. On meeting; this deposited carbon they burn it, and 
sweep the heat whidi its combustion generates out to the chimney 
where it is lost. 

It seems to be owing to these two considerations that, in 
actual large-scale tests lately made, it has proved that gas regen- 
eration saved nothing. That is to say. first the Siemens stecl- 
'melting furnaces were worked with gas regeneration, and then in 
a direct comparative test and witli all other conditions constant, 
the gas was carried direct from the producer to the working 
chamber. Under these latter conditions no more coal was used 
per ton of steel ingots made than when gas regeneration was 
used. 

How far this may prove true under other conditions remains 
to be seen. It may be that in this particular practice the producer 
had been run needlessly hot, so that the margin V^T" was need- 
lessly small, and that economy might have resulted from intro- 
ducing more steam into the producer so as to lower 7* and increase 
the margin. 

322. The Progressive Rise in Temperature in Regeneb — ' 
ATiVE Furnaces. — In the Siemens system, the combuslion in th< 
working chamber is of gas and air preheated to say 1100°. It 
direct- firing, the combustion close to that working chamber is 01 
coal with initially cold air. Manifestly, starting thus from a 
higher initial temperature, combustion should generate a much^ 
higher temperature in regenerative than in direct-firing. More- 
over, each time the direction of the gaseous currents is reversed.-- 
the temperature should rise. Thus if we assume that the heat — 
generated by the combustion of a given mixture of gas and air 
initially at 0° C. evolves enough heat to raise the products of that 
combustion to 1500° ; that the escaping products in passing 
through the regenerators heat those regenerators themselves to 
1300° ; and that on reversing the current those regenerators in turn 
heat the now incoming gas and air to 1 100° : and that all other con- 
ditions remain constant, so that this new combustion, like the 
first, generates enough heat to raise its products through 1500°: 
then it would generate a temperature of 1500" + 1100" •= 2600*. 
Supposing this process to continue, there should be like elevation 
of temperature at each reversal. 

\ot only would any such sequence destroy any furnace 
quickly, but for obvious reasons the temperature, while it 
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quickly rise especially in furnaces provided with large regen- 
erators to a point at which it would destroy- the brickwork, yet 
rises at a rate much less than that just sketched. As the tem- 
peratnre rises, the loss of heat by conduction through the walls 
of the furnace increases rapidly; in fact, the outflow of heat is 
so rapid as to suggest the simile of steam or other gas imprisoned 
at very high pressure in a furnace the very walls of which are 
porous, so that the steam escapes rapidly, not only through every 
crevice but through the walls themselves. Indeed this conception 
of the rapid outrush of heat from our high temperature furnaces 
and through their walls is an instructive and useful one.* 

What actually happens is that the temperature of the regen- 
erators, and through this the temperature of the incoming gas and 
air and of the working chamber, continue to rise until the rapidly 
increasing loss of heat through the wails and up the chimney. 
plus the heat absorbed by the charge of metal under treatment, 
just balances the heat evolved by the combustion. 

It remains quite true, however, that if we wish to raise the 
temperature of the working chamber suddenly, we can do this by 
reversing the direction of the gaseotis currents at very short 
intervals, which in some works are at times reduced to 10 
minutes, or even less. 

323. The Siemens Gas Producer. — As shown in Figs. 98 
and 99, p. 352, this consists of an approximately rectangtdar fire- 
brick chamber, with a grate, on the rear end of which the coal is 
dropped from a hopper. . * 

The grate consists of two parts; first, the nearly horizontal 
bars under the fuel, and, next, the lower part of the inclined wall at 
the left, which is here made Up of iron plates so arranged as to 
form a kind of grate. 

.•\s the object in making a gas producer was to provide a bed 
of fuel deeper than that of the old direct-firing grates, it is 
natural that Siemens in this early producer used a grate much 
like that of a direct-fire, simply providing a deep chamber above 



• .^gain, as the lemperatiirc ri*c8 ihc combustion becomes less complete, 
because di asocial ioti goes ihe farther the higher the temperature; or rather 
betaiiac the principle which' under other eondiltoni would cause diss 
lion, here correspondingly rcsiricts cnmbuslion, But as the products of 
ihis combustion thus made incomgilete descend throuKh the regenerators 
_snd thus cool down, the combustion thin arrested may continue. 
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it for holding the deeper bed of fuel, together with suitable hop- 
pers, poke-holes, etc. 

But a serious difficulty arose in trying to remove the ashes 
from beneath this cicep bed of fuel, without letting the fuel itself 
fall through the grate along with the ashes. This formation and 
removal of ash is a more serious thing than might be supposed 
by those unfamiliar with such matters. If a producer gasifies 
daily three tons of coal containing lo per cent of ash, with 
which is mixed, say, lo per cent more of unburned coal, there 
are some 750 pounds of hot ash. clinker and unbunit coal lo b« 
cared for daily. To remove this from beneath a mass of fuel, 
which itself is in small lumps, was a difficult matter. 

The method of removing the ashes was as follows: Rrst. 
they were allowed to accumulate in a thick bed. Then a series 
of flat bars, called " false bars," was driven across tlie producer 
through this bed of accumulated ash. so that their further ends 
rested on tlie back (or right band) wall of the producer. They 
were thus placed at such a height above the true grate bars that 
most of the accumulation of ashes was beneath them, while above 
them was the remainder of these ashes and the thick layer of still 
unburnt fuel. Then the true grate bars were pulled out, so Uiat 
all the ashes below the false bars, thus deprived of support, fell 
down into the ashpit. Then the grate bars were replaced and the 
false bars withdrawn, letting the fuel down upon the grate bars, 
whereby the producer was restored to working condition. 
' This method was laborious, especially because the workmen 
while cleaning the fire were exposed to great heat : and wasteful 
of fuel, because with the ash thus removed a great deal of unburnt 
coal was mixed up. If, in order to hasten the work of the pro- 
ducer, the air was forced in under pressure, the disadvantages of 
the system were all the greater, for two reasons. First, in this 
case the fire was cleanefl only at rather long intervals, because in 
order to clean it the blast had to be stopped, and the producer 
thus thrown temporarily out of use, or its gas output, at the best, 
very greatly lessened ; and during these long intervals the accumu- 
lation of clinker became all the more serious. Second, the higher 
local temperature, lo which the more rapid combustion led, heated 
much of the ash so hot that it melted and ran together into large 
clinkers, verv difficult to remove from beneath the overljHng 
fuel. 
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The formation of clinkers under these conditions was mate- 
rially lessened by using a steam jet as a means of forcing the air 
through the producer, for two reasons. First, the steam itself 
was decomposed by the strongly endothermic reaction 

(31) H,0 + C = 2H + C0, 

and the local temperature was so much lowered, by the absorption 
of heat by this reaction, as to lessen the melting of the ash into 
clinker. Second, an examination of the ash indicated that the 
moisture which condensed from this steam in the lower layers of 
ash, below the level at which combustion was active, itself decom- 
posed some of the clinkers which had formed in the hotter level 
of active combustion above, when they in turn reached this lower 
and cooler level. 

Further, by thus lessening tfie formation of clinker and 
breaking up that which forms, the steam passed through the pro- 
ducer probably lessens materially the quantity of coal which, 
entangled in that clinker, escapes unbumt, and is thus wasted. 
The use of steam in the producer has another advantage which 
can be understood more easily after studying § 326, p. 429. 

But, even with the use of steam, the Siemens producer is so 
troublesome to clean, and the inconvenience of having its gas 
output so greatly diminished during the long cleaning period is 
so great, that it has been displaced to a great extent by more 
modem producers. Among these the W. J. Taylor and the Duff 
have come into such wide and successful use as to call for 
description. In each of these the ashes are withdrawn from under 
the fuel without interrupting the working of the producer. And, 
though in the Taylor producer their eventual removal from the 
apparatus may interrupt the gas output, this interruption comes 
at such long intervals, and is so brief, as to be unimportant. 

324. The Taylor Gas Producer.* — The distinctive feature 
of this is that the column of fuel and ashes rests on a circular 
plate, which in revolving discharges the ashes over its edge into 
a sealed ashpit, and thus withdraws them from beneath the over- 
lying fuel without disturbing it or intcrrui)linj^ the work of the 
producer. 



♦U. S. Patent. 399798. William J. Taylor. R. D. Wood & Co., 400 
Chestnut Street, Philadelphia. 
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The procKicer, Fig. 117, is a cylindrical shaft, with this revolv- 
ing circular plate AA at its lower end, supporting the deep bed of 
aslies BB, and through these the deep bed of fuel overlying those 
ashes. 

The ashes are removed occasionally by turning, or "grinding," 
the revolving bottom. 1. e., rotating it about the vertical axis of 
the producer by means of the crank K. This grinding both siJ 
disturbs them that they slide down the talus CA, falling thence 
into the dosed ashpit D beneath ; and, more particularly, it makes 




The Tayli 

the fixed bars /, set at four points in the periphery, plouglTS 
ashes outwards, and over the edge of A. As the ashes which 
at a given moment have formed this talus are thus discharged, 
those above them sink down to take their place; and while the 
ashes vertically above C doubtless descend somewhat faster than 
those to right and left, so that the imaginary surface which sepa- 
rates ashes from fuel probably follows the triple curved line which 
I have sketched, rather than the horizontal line which the maken 
of the producer show, yet no harm has been traced ti 
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^Thc air for gasifying the fuel is forced by a steam jet through 
e central pipe £, and thence discharged laterally. The fuel is 
d through the hopper C. and the gas is drawn off through the 
pe H. At intervals of, say. 6 to 24 hours the ash is " ground " 
iwn so as 10 keep its upper surface at a proper height, as seen 
rough ihe peepholes FP. Should the ash descend too fast on, 
y, the left-hand side, the bars / on that side are, withdrawn 
^s to retard the discharge there. 

■ The lower edge of the cup C is high enough above the 
Iblving plate A to give room for clinkers of usual size to 
,5S; larger ones can be broken up by means of bars inserted 
rough the holes shown in the iron cup above C. C is so 
aced horizontally \vith regard to A that the talus-slope CA 
flatter than the angle of repose of (juiescent ashes, but steeper 
an the angle of repose of ashes in motion ; hence the dis- 
arge of ashes occurs only during grinding, — in short, it is 
ider control. 

The bed of ashes is made very deep, so as to give ample 
iportiinity for any coal which passes below the region of active 
mbuslion to burn; and also so that the ashes shall cool thor- 
ighly in their slow descent from the region of combustion to 
eir discharge, and thus that the moving parts of the mechanism 
all remain cool, and that the ashes, when removed at intervals of 
rhaps 24 hours from the ashpit, shall also be cool, and therefore 
eaply handled. To avoid the expense of a blast pressure strong 
ough to force the blast through this deep bed of ashes, the blast 
pe is carried up nearly to where the region of combustion is 
pected to be. 

ft In a plain cylindrical producer, with a plain grate extending 
B across it, the natural tendency would be that ihe fuel would 
^ttid fastest in the axis, and that the blast tvould travel fastest 
I the walls; in the Taylor producer both these tendencies are 
posed, the former by placing the ash discharge near the periph- 
y of the producer, and the latter by introducing the blast in the 
is. These dispositions probably carry matters somewhat towards 
e opposite extreme, so that the fuel descends fastest along the 
alls, or rather just above the edge C of the iron cup. and that 
mbustion is fastest in the axis ; but the makers believe that any 
egularity thus induced is much less than that of the plain 
lindrical producer which it replaces. And, indeed, the great 
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depth of the beds, both of ash and of fuel, appears to remedy 
well any residual irregularity in this respect. 

325. The Duff Gas Producer.* — The distinctive feature 
of this producer (Fig. 118) is the water seal at its base, through 
which the ashes are raked without interrupting the working of the 
producer itself. 

The fuel is charged through the hopper G; the blast is 
introduced beneath the comb-roof-shaped grate; and the gas is 
drawn off through H. The pan below is filled with water. As in 
the Taylor producer, the ashes form a very deep bed, here resting 
on the bottom of the pan and extending above the comb of the 
grate ; while above them rests a deep bed ,of coal. The con- 
dition of the fire is learned by looking through the poke-holes FF; 
and is regulated (i) by charging, and (2) distributing fresh coal; 
(3) ^y poking from above; and (4) by raking out the lower end 
of the talus of ashes through the overlying water in the pan. As 
fast as these are thus raked out, the ashes and coal above descend. 

The sensible heat of the ashes is utilized in evaporating water, 
which, in passing up through the producer, is in turn converted 
into water gas by the incandescent carbon. 

The holes in the grate are in reality narrow slits. So narrow 
are they that most of the ash slides over them to right and left, 
instead of falling through them ; though that which does fall 
through is, like the rest, eventually raked out through the water 
seal. The grate itself runs nearly completely across the producer. 

Like the Taylor producer, this one has (i) the deep bed 01 
ashes, favoring the thorough combustion of the fuel ; (2) the 
blast admitted near the upper surface of the ash layer, so as to 
reduce the frictional resistance to its passage; (3) the combustion 
probably most rapid in the region where the descent of the fti^' 

• 

is probably the slowest. For combustion is doubtless fastest 1^ 
the transverse band overlying the grate, and descent of the 
removal of the ashes is doubtless most rapid at the outside. 1. *'•' 
in the part nearest to the talus which is actually raked out; 
and because the ashes here descend the fastest, so should the 
overlying fuel. Thus the imac^inary boundary between the burn- 
ing fuel and the ash should be somewhat as here sketched i^ 



* U. S. Patent, ro-issiic. 11.323. Jan. 28. 1896, The Duff Patents Com- 
pany, 924 Carnegie Building, Pittsburgh. Pa. 
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. By making the ash-bed very deep tliis irregularity is 
kept within harmless limits. 

326. The L'se of StEv\m in the Prodltcer. — In § 323, 
p. 425. we saw that the use of steam as a means of forcing the 
blast into the gas producer lessened the formation of dinker. 
thus both facilitating the cleaning of tlie fires and lessening the 
mechanical loss of fuel. A further and probably ver\- great 
[advantage is that it increases the quantity of combustible gas 
ained from each ton of coal. 




For, whereas each equivalent of carlren gasified in the pro- 
ducer by atmospheric air gives only one equivateiit of carbonic 
oxide (C + O = CO) ; each equivalent gasified by steam by the 
reaction C + H^^O = CO + 2H yields in addition to this two 
equivalents of hydrogen. And whereas the gas made by means 
of air, the true producer gas, is diluted with the atmospheric 
nitrogen, that made by means of steam, the water gas of the pro- 
ducer, is not thus diluted. Of course, the total quantity of heat 
to be obtained from a ton of fuel is not changed : but the use of 
steam causes an absorption of heat in the producer, to be restored 
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in the working chamber by llie combustion of the additional 
hydrogen formed in the producer at the expense of the heat 
thus absorbed. Manifestly, a calory evolved directly in tlw 
working: chamber is more efficient than had it been evolved in 
the producer, because if evolved in the producer it would be in 
considerable part dissipated in bringing it forward into the work- 
ing chamber. 

Of course the gasification of the fuel in the producer re- 
quires that the fuel itself be hot. otherwise it will react neither on 
air nor on steam ; the temperature must be kept up to the range in 
which both the atmospheric oxj'gen and the steam itself will react 
on the fuel and gasify it. But in the producer itself any heat 
over and above that needed to keep up this temperature is not 
only less efficient than if that same heat was generated in the 
working chamber of the furnace, because in passing from the 
producer to the furnace much of it would be wasted, but positively 
injurious because it tends to melt the ash into unmanageable 
clinker. Introducing steam along with the air used in gasification 
then stores energy in the producer by there utilizing part of the 
locally inefficient and harmful excess of heat, increases the quan- 
tity of combustible gas formed, and so restores that energy in 
the working chamber of the furnace where that excess of gas is 
in turn burnt. In short, it absorbs heat in the producer where 
it is harmful, and reproduces that heat in the working chamber 
of the furnace where it is used most efficiently. 

Producers are often run now in such a way that the gas 
contains 5 or 6 per cent of carbonic acid, and this is not con- 
sidered a loss of energ\' provided that much steam is used. The 
explanation of this is as follows: AH the heat required in the 
producer is enough to keep up the temperature to the point of 
ignition of the coal. The amount of steam we can use is limited 
by this: it must not cool the temperature below that point. Mani- 
festly, if we bum part of the carbonic oxide to carbonic acid we 
get thereby more heat in the producer, and this extra heat 
enables us to decompose just so much more steam without drag- 
ging the temperature below the needed point. Thus, in this sense 
the increase of carbonic acid does not necessarily represent a loss 
of e^e^g^■, but merely that pan of the energy, instead of being 
delivered in the form of carbonic oxide, is delivered in that of 
hydrogen. 
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APPENDIX 

327. Further Xote on the Constitution of Gray Iron. — 
As the conception of matrix and graphite is fundamental to the 
heory of the constitution of cast iron adopted in this work, it is 
mportant that it should be grasped firmly. To this end the fol- 

wing series of suppositious cases is here elaborated. 

Case I. Suppose tliat, within a strong iron mould, stands a 
cylinder of quartz, quite as the cylinder of white cast iron in 
119.4 stands within its mould. Suppose, next, that this ingot 
is shattered by a powerful blow from above, but that its fragments 
remain in the mould, like those of the white cast iron in Fig. iigfi. 
Then suppose that liquid asphalt or Portland cement is run into 
;he crevices so as to fill tJiem completely, as sketched in Fig. 1 19C, 
Ind that the whole is allowed to solidify. 

Here we have a conglomerate of which the matrix is quartz 
i the cementing or filling matter is asphalt or Portland cement, 
jei this illustrate clearly what is meant by a matrix.* 

328. Case 2. Next, let us suppose that the cylinder of quartz 
i replaced by a cyhnder of white cast iron, Fig. 119/I; that this 
1 the same way is shattered as at B ; that, by some means not 

ucplained, graphite is closely packed inio all the crevices between 
; particles of iron, as at C. and that it cements them firmly 
i^ether like the asphalt of Case i. 



•Matrix, " that which contains or gives shape or form to anything; — 
(Geol.) — or the mass in which a fossil or mineral is imbedded." A Stand- 
iflrd Dictionary of lite English Lansiiage: Funk and Wagnalls Company, 
1898, p. 1090. 

I am not wholly satisfied with this word "matrix" for expressing 
« conception to which it is applied in this work, especially because In the 
"sot wholly dissimilar case of concrete it is the filling of cement or other 
il which is called the matrix. The filling of a concrete forms a much 
r proportion of Ihe whole than the filling in our present series of 
; and the use of the word matrix is, as I understand it, governed 
Ither by homology than by analogy. Hence the apparent discrepancy. 
e sense in which I use " matrix " in this work is related closely to the 
iM in which it is used in geology and mineralogy: at the same time, 
'latter word is needed to express this idea. I use matrix simply because 
ia not tbink of any better word. 
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Here, again, we have a conglomerate, of which tlie matrix is 
liite cast iron and the filling is graphite. But this conglomerate 
itself taken as a whole would be gray cast iron. It would, indeed, 
intain more carbon than any cast iron actuaily contains ; but 
levertheless because it contains more than two per cent of carbon 
isuch an imaginary substance would be cast iron ; and it would 
gray, liecause. if it was broken open, rupture would travel 
through ihe crevices filled with graphite, so tliat graphite alone 
would be seen in the fracture. The essential point to which atten- 
tion is directed is that this conglomerate called gray cast iron is 
composed (i) of a matrix which is white cast iron and (2) a 
Ifilling which is graphite. 

329. Case 3. Next suppose that a like cylinder of white cast 

(D) is shattered (£), and that the crevices are filled and the 

fragments of iron are cemented tt^ether (F), not as in C with 

extraneous graphite, but with what we may call indigenous 

igraphite : by which I mean graphite generated out of the frag- 

lents of the white cast iron matrix itself. 

That such graphite should be thus generated we can readily 
conceive, in the following way. Let us first assume that the 
initial blocks of white cast iron contain 4,00 per cent of carbon 
and 96 per cent of iron, and that the whole of this carbon is united 
with 4 X 14 — 56 per cent of that iron to form 4 X 15 — 60 per 
;nt of cementite. As there is nothing left for the remaining 
56 ■=. 40 per cent of iron to be combined with, it must be 
irescnt in the free state as ferrite; so that our white cast iron is 
posed initially of 60 per cent of cementite and 40 per cent 
if ferrite. 

Let us next suppose that this 60 per cent of cementite de- 
imposes, sphtting up into 56 per cent of free iron and 4.00 
!r cent free carbon in ihe fonii of graphite, bv the reaction 
(34) Fe,C= 3Fe + C. 
The free iron generated by this reaction is clearly ferrite by 
ifitiition, since free iron and ferrite are one and the same thing ; 
us assume that each particle of it remains exactly where it came 
ito existence, so that this 56 per cent of ferrite thus generated 
.ins in the lumps of metal or matrix alongside of the 40 per 
it of ferrite initially present. Let lis further suppose that, by 
le unexplained means, the 4.00 per cent of graphite thus gen- 
id migrates out of the lumps of matrix inside which it was 
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born, and works its way out into the crevices between these iiBI 
filling them completely, and cementing the lumps together inl^ 
solid coherent whole or conglomerate. Here, as shown at F, the 
matrix of our conglomerate is ferrite, while the cement or filling 
is indigenous graphite. 

Such a mass is clearly gray cast iron, for the same reasons 
as in Case 2. 

Now, were some one to pick out these particles of ferrite, 
clean them scrupulously from adhering graphite, send them to a 
competent metal lographist. and ask him whether this substance 
corresponded in composition to any familiar class of steel, he would 
have to reply that it was identical in composition with the most 
extreme tjpe of soft steel, not only low in carbon but actually 
without carbon : in short, with the most dead soft steel. And. since 
the composition is that of such dead soft steel, doubtless the 
properties both chemical and physical are identical witli those of 
such steel. So that, in this sense, the matrix of this conglomerate, 
the matrix of this gray cast iron, may be said to be equivalent to 
dead soft steel. This and the parallel constitution of the matrix 
under other conditions is what the upper line of Fig. 120 attempts 
to set forth; that the matrix of different cast irons is. in its com- 
position and doubtless in its properties both chemical and physical, 
identical with some one member of tlie pearlite series. 

330. Case 4. Finally let us suppose a somewhat similar 
course of events, omitting only the shattering. Let us suppose 
that a like block of white cast iron (G, consisting initially of [l] 
4.00 per cent of carbon plus 56 per cent of iron, combined as 
cementite, and (2] 40 of ferrite), is heated up into region VII of 
Fig. 68, i.e., to within a few degrees of the melting-point, so that 
it becomes extremely soft. 

Let us suppose that the same reaction occurs, FejC=:3Fe+C; 
that as before the resulting 56 per cent of ferrite unites with the 
40 per cent of initial ferrite ; and that the little particles of graphite 
which collectively constitute this 4.00 per cent of graphite are 
able to assemble themselves into little hexagonal flakes, say Vi. 
of an inch across shown very much magnified at H. This they 
are able to do by pushing aside the pasty mass within which they 
are born. This they do exactly as when any salt, say cupric sul- 
phate, crystallizes out of an aqueous solution. Its individual mole- 
cules in assembling out of the solution into the form of solid cm- 
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tals, must travel a finite and sometimes a large distance through 
the water to meet the particles which have already assembled in 
the growing crystal, and in so traveling and assembling must push 
aside the water through which they travel and in which they 
assemble. The force, or the resultant of forces, which compels 
this traveling and assembling we may call the crystalline force, 
that which forces the particles to assemble themselves in crystals. 

Now, these little flakes of graphite thus formed constitute a 
sort of skeleton running throughout the mass. 

Here exactly as in Case 3, the block as a whole is a con- 
glomerate, of which the matrix is ferrite and the filling is in- 
digenous graphite. This filling is parallel or comparable with the 
graphite filling in cases 2 and 3; the difference is that in those 
two cases the graphite assembled in preexisting crevices, whereas 
in Case 4 these crevices do not preexist, but the graphite in 
assembling under the pressure of the crj^stalline force, pushes aside 
the soft metal in which it is born. But in spite of this difference 
the cases are parallel as far as the structural distinction of matrix 
and filling is concerned. 

331. Actual Genesis of White and Gray Cast Iron. — 
§§ 327 to 330 have for their object to make clear this fundamental 
conception of matrix and filling. They have incidentally pictured 
conversion of white cast iron into gray (Case 4). Now. while it 
is true that in the process of making ** malleable cast iron " (§ 227, 
p. 281), just this conversion of white into gray cast iron does 
occur on a very large scale, constituting the very essence of this 
process, and while the difference between white and gray cast iron 
is essentially just such a difference as would exist were gray iron 
thus habitually made out of white, yet the actual genesis of the 
common gray cast iron of commerce is quite different. It is not 
made out of white iron, but is the direct pn^duct of the solidifica- 
tion and cooling of the molten cast iron itself. 

Thus, when molten, and as it runs from the iron 1)last-furnace, 
the cast iron contains much carl)on (t(^ fix (nir ideas let us con- 
tinue to assume that this is 4.00 per cent) dissolved in the iron,, 
as sugar or salt dissolves in water. The cast iron ha1)itually con- 
tains other elements, especially silicon, phosphorus, sulphur and 
manganese. Ignoring these here for simplicity, let us consider 
our molten cast iron as consisting of 4.00 per cent of carbon dis- 
solved in 96 of iron. 
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In the soHilification and further cooling of this : 
carbon may lake either of two wholly distinct paths ; or, as is 
liabilnal. some of it may take one of these paths and some the 
other (§§ 220 to 224, pp. 276 to 279). 

Of these two paths one is that the carbon isolates itself within 
the pasty solidifying metal in the form of sheetlets of graphite, 
nuich as sketciied in Case 4. This gives us " ultra-gray " cast 
iron, corresponding to the left-hand end of Fig. 120, p. 438. (See 
§ 224. ) Were all the carbon to do this, then the molecules of iron 
themselves being wholly free from carbon, would be ferrite ; and 
the result would be the same as in Case 4, a conglomerate of which 
llie matrix is ferrite and therefore identical in composition and 
properties with ultra low-carbon steel, and the filling is graphile. 

The other path is that the carbon in freezing remains dis- 
solved in the iron, as the solid solution austenite, which on coohng 
past Ari, line PSP' of Fig. 68, is resolved into ferrite and 
cementite. Fe,C ( § 223, p. 279). Here, by the same reasoning as 
in the second paragraph of Case 3, proportions of cementite and 
ferrite would be 60 per cent of the former and 40 of the latter. 
The whole mass is white cast iron, and the case is represented by 
the right-hand end of Fig. 120. 

But habitually the case is intermediate between these two. 
Habitually part of the carbon passes into the state of graphite 
and part into that of cementite. To fix our ideas let us assume 
that 3.50 per cent becomes graphite and the remaining 0.50 per 
cent becomes cementite. The case then is represented by the 0.5 
per cent carbon ordinate of Fig. 120. (It is not likely that so 
much of the carbon would pass into the state of graphile unless, 
as explained in § 224. the formation of graphite was stimulated 
by the presence of much silicon. ) 

Then our conglomerate as a whole is gray cast iron couMSt- 
ing of a filling of graphite, representing 3.50 per cent of the whole 
mass, and a matrix which by difference must represent 100 — 3.50 
= 96.50 per cent of the whole mass. This matrix contains all the 
96 per cent of molecules of iron present, and also the 0.50 per 
cent of carbon which is in the condition of cementite ; which joSt 
adds lip to the required 96.50 per cent. 

What, now, is the constitution of this matrix? 

With the 0.50 per cent of carbon existing as cementite must 
be combined 0.50 X M = 7 per cent of iron (§ 153, p. 182) . sO 
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that this matrix contains 0.50 -\- j ■= 7.50 parts of cemeniite (7-50 
per cent of the entire mass). The remaining 96 — 7^:89 per 
cent of iron contained in this matrix has nothing to combine with, 
and is therefore free iron, which by definition is ferrite. Thus 
the matrix consists of 

ceniemite 0,50 (i + 14) — 7.5 per cent 

ferrile 96 — 7 — 89.0 " " 

Total matrLs 96,5 " " 

of the entire conglomerate. 

Or looking at it in another way, the matrix contains 0,50 per 
cent of combined carbon. But Table 6, p. 184, shows us that this 
is the constitution of medium hard steel ; and it is familiar to all 
that this is essentially the composition of rail steel, save that the 
latter habitually has in addition considerable manganese by intent 
and some phosphorus, sulphur and silicon inspite of' us. We can 
then say that the cast iron as a whole is a conglomerate consist- 
ing of a graphite filling forming 3,50 per cent of the whole, and a 
matrix forming 96.50 per cent of the whole; and that this matrix 
is in composition and doubtless in properties the etjuivalent of rail 
steel of 0.50 per cent of carbon, a member of the pearlite series. 
This is indicated in the upper line above Fig. 120. above the 0.5 
per cent carbon ordinate, and the fact that the cast iron as a whole 
is a very open gray one is indicated in the next lower line above 
that figure. 

And so we could go on and indicate the genesis and consti- 
tution of other grades of cast iron. 

332. General Diagr.\m of the Constitution and Prop- 
erties OF Cast Iron of 4.00 per cent Carbon. — Following out 
the general ideas on the constitution of cast iron which have been 
here set forth. Fig. 120 is an attempt to represent in a condensed 
form the properties and constitution of a series of cast irons all 
containing 4.00 per cent of carbon, but with varying distribution 
of that carton between the slates of cemeiitite and graphite ; and 
also to represent the constitution and properties of the matrix of 
that iron, together with what we may call the trade name of the 
class of iron to which the matrix corresponds. First the lines which 
'n Fig> 59. p- "52, show the physical properties of the pearlite 
series, and those showing the proportion of ferrite and of cementite 
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1 that scries, are here reproduced, with the same lettering as in 
Fig- 59- These lines are supposed to show the constitution and 
properties of the matrix, for varying composition, i.e., for vary- 
ing carbon -content, of that matrix on the assumption that the 
properties of the matrix itself, its tensile strength, ductility and 
hardness, are the same as those of a graphiteless steel or a graphite- 
less white cast iron which has the same carbon-contpnt and hence 
the same microscopic constitution as the matrix. For instance, a 
mottled cast iron containing 3 per cent of carbon combined as 
cementite, and r per cent of graphite, may be represented by 
ordinate H^ of Fig. 120. Table 6 shows us that the constitution 
of its matrix is ferrite 55 per cent, cementite 45 per cent, that of a 
white cast iron of the pearlite scries. Accordingly, the lines in 
Fig. 120 which give the constitution of this matrix (" Per cent 
Ferrite in matrix " and " Per cent Cementite in matrix-") cut this 
ordinate IV at 55 per cent and 45 per cent, respectively. Next, 
Fig. 120 assumes that the properties of this matrix itself, as 
distinguished from the cast iron which contains it, are the same 
as the properties of such a white cast iron with 55 per cent ferrite 
and 45 per cent cementite ; hence the line " Tenacity of matrix " 
ciUs ordinate If at the same height as that at which it cuts the 
3 per cent carbon ordinate in Fig. 59 ; and so witli the hnes " Hard- 
ness of matrix " and " Ductility of matrix." 

These three lines, then, give us the tenacity, ductility and 
hardness, on the present hypothesis, of the matrLx of each cast 
iron of this series shown in Fig. 120, as a basis for forecasting the 
properties of the cast irons themselves regarded as a conglom- 
erate of (i) their matrix and {2) graphite; the properties of this 
conglomerate, i.e., of the several cast irons each taken as a single 
conglomerate whole, are represented by the lines " Tenacity of 
whole," " Ductility of whole " and " Hardness of whole." These 
three lines are the result of a first attempt made by tlie author.* 

Above the diagram is a hne showing the trade name or grade 
of the cast iron as a whole, and above it a second line showing 
the nature of the matrix by what we may call its trade name. In 
other words, this line gives the trade names of the different classes 
of steel or cast iron to which the matrix corresponds in constitu- 
tion, in different regions of this series. For instance, the words 
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** Medium carbon steel " in this line mean that the matrix of the 
cast irons beneath these words has the same ultimate chemical 
composition and therefore, on our hypothesis, the same micro- 
scopic constitution, i.e., the same percentage of ferrite and cemen- 
tite, and also the same physical properties, which medium carbon 
steel has. 

Below tl\e diagram are given the observed properties of the 
different kinds of cast iron here represented, and the kinds of 
uses to which they are fitted. 

333. " EuTECTOiD " INSTEAD OF " -<EoLic." — As pointed out 
in the footnote to § 148, p. 178, many think it well to use the word 
" eutectic " in the sense both of the eutectic proper, and also of the 
alloy of lowest transformation-point as distinguished from the 
lowest melting-point. Their purpose, which certainly is valid, 
is to express thus the important fact that these two entities have 
very much in common ; my object in proposing a distinct name, 
" aeolic," was to be able to distinguish between them, and also 
because the alloy of lowest transformation-point cannot be called 
*' eutectic " without changing completely the basis of the defini- 
tion of this word. 

After all the foregoing part of this work was already in 
type, and therefore too late to be of use in it, the word " eutec- 
toid " occurred to me (June 7, 1903) as complying with the 
wishes of both parties ; by analog\' it suggests having the shape 
or other important properties of the " eutectic/' while the two 
words differ from each other enough to indicate that they refer 
to really distinct things. Were it not too late, I should substitute 
** eutectoid '* for *' aeolic " throughout this work. 
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